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Abstract
This thesis is concerned with the optimization and development of the production of
nanofocusing refractive x-ray lenses. These optics made of either silicon or diamond are
well-suited for high resolution x-ray microscopy. The goal of this work is the design of a
reproducible manufacturing process which allows the production of silicon lenses with high
precision, high quality and high piece number. Furthermore a process for the production
of diamond lenses is to be developed and established.
In this work, the theoretical basics of x-rays and their interaction with matter are de-
scribed. Especially, aspects of synchrotron radiation are emphasized. Important in x-ray
microscopy are the different optics. The details, advantages and disadvantages, in par-
ticular those of refractive lenses are given. To achieve small x-ray beams well beyond the
100nm range a small focal length is required. This is achieved in refractive lenses by moving
to a compact lens design where several single lenses are stacked behind each other. The,
so-called nanofocusing refractive lenses (NFLs) have a parabolic cylindrical shape with lat-
eral structure sizes in the micrometer range. NFLs are produced by using micro-machining
techniques. These micro-fabrication processes and technologies are introduced. The results
of the optimization and the final fabrication process for silicon lenses are presented.
Subsequently, two experiments that are exemplary for the use of NFLs, are introduced.
The first one employs a high-resolution scanning fluorescence mapping of a geological
sample, and the second one is a coherent x-ray diffraction imaging (CXDI) experiment.
CXDI is able to reconstruct the illuminated object from recorded coherent diffraction
patterns. In a scanning mode, referred to as ptychography, this method is even able to
reconstruct the illumination and the object simultaneously. Especially the reconstructed
illumination and the possibility of computed propagation of the wavefield along the focused
beam yields findings about the optic used. The collected data give interesting information
about the lenses and their aberrations. Comparison of simulated and measured data shows
good agreement.
Following this, the fabrication process of diamond lenses is described. Diamond with its
extraordinary properties is well-suited as lens material for refractive lenses.
Finally, a concluding overview of the present and future work of nanofocusing lenses is
given.
Kurzfassung
Diese Dissertation beschäftigt sich mit der Entwicklung und Optimierung der Herstel-
lungsprozesse von refraktiven nanofokussierenden Röntgenlinsen. Diese aus Silizium oder
Diamant hergestellten Optiken, sind hervorragend für hochauflösende Röntgenmikroskopie
geeignet. Ziel dieser Arbeit ist es, einen reproduzierbaren Herstellungsprozess zu erarbei-
ten, der es erlaubt, Siliziumlinsen von hoher Präzision, Qualität und Quantität zu fertigen.
Zusätzlich soll ein Prozess für Diamantlinsen entwickelt und etabliert werden.
In der folgenden Arbeit werden die theoretischen Grundlagen von Röntgenstrahlung und
deren Wechselwirkung mit Materie beschrieben. Spezielle Aspekte der Synchrotronstrah-
lung werden hervorgehoben. Wichtig im Zusammenhang mit Röntgenmikroskopie sind die
verschieden Optiken. Deren Details, Vor- und Nachteile, insbesondere die der brechenden
Linsen, werden genannt. Zur Erzeugung fein gebündelter Röntgenmikrostrahlen im Be-
reich unter 100nm lateraler Größe benötigt man sehr kurze Brennweiten. Mit brechenden
Linsen lässt sich dieses mittels eines kompakten Linsendesigns von vielen hintereinander ge-
stapelten Einzellinsen realisieren. Die so genannten refraktiven nanofokussierenden Linsen
(NFLs) besitzen eine parabolische Zylinderform mit lateralen Strukturgrößen im Mikrome-
terbereich. NFLs werden mittels spezieller Technologien der Mikroprozessierung hergestellt.
Diese Mikrostrukturierungsverfahren werden mit ihren jeweiligen Prozessschritten und zu-
gehörenden Technologien vorgestellt. Die Ergebnisse der Optimierung und der endgültige
Mikrostrukturierungsprozess für Siliziumlinsen werden dargelegt.
Im Anschluss daran werden zwei Experimente erläutert, die beispielhaft für die Anwen-
dung von NFLs stehen. Ersteres ist ein ortsaufgelöstes Fluoreszenzrasterexperiment einer
geologischen Probe und das zweite ein kohärentes Röntgen-Beugungsexperiment (CXDI).
CXDI ist in der Lage, aus kohärent aufgenommen Beugungsbildern das beleuchtete Ob-
jekt zu rekonstruieren. Kombiniert mit einem rasternden Verfahren, welches Ptychographie
genannt wird, ist diese Methode in der Lage, die Beleuchtungsfunktion und das Objekt
gleichzeitig zu rekonstruieren. Besonderes die rekonstruierte Beleuchtungsfunktion und die
Möglichkeit der computergestützten Propagation des Wellenfeldes entlang des fokussierten
Strahls, geben aufschlussreiche Informationen über die verwendete Optik. Neue Erkennt-
nisse über die Linsen und deren Aberrationen können so gewonnen werden. Vergleiche von
simulierten mit gemessenen Daten zeigen gute Übereinstimmung.
Daran anschließend erfolgt die Beschreibung der Entwicklung eines Fabrikationsprozess
für Diamantlinsen. Diamant mit seinen außergewöhnlichen Materialeigenschaften ist be-
sonders gut als Linsenmaterial für refraktive Röntgenlinsen geeignet.
Abschliessend wird ein zusammenfassender Überblick über die derzeitigen und die zu
erwartenden Entwicklungen bei refraktiven Linsen gegeben.
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X-rays were discovered by Wilhelm Conrad Röntgen in 1895. He called them x-rays to
denote an unknown type of radiation [Rön96]. Since their discovery, x-ray applications
have gone through a tremendous development. In 1901, W. C. Röntgen was awarded the
first Nobel Prize in physics.
Due to the outstanding properties of x-rays, they find wide application in science and
industry, ranging from structural biology, through fundamental atomic physics to femto-
second chemistry. Their short wavelength as well as their ability to deeply penetrate
matter make them highly interesting for microscopy. X-ray analytical techniques, such
as diffraction, fluorescence and absorption spectroscopy, give information about crystalline
structure, elemental composition, and chemical states, respectively. Using these techniques
in a full-field or scanning x-ray microscope, they allow to gain two- and three-dimensional
information with high spatial resolution also from inside a specimen without destructive
sample preparation or contamination.
The wide range of x-ray applications and the large demand for high spatial resolution
led to the development of new and dedicated x-ray sources. With the operational start
of third generation synchrotron radiation sources, for example, the European Synchrotron
Radiation Facility (ESRF) in Grenoble, France, SPring8 in Saitama, Japan, or the Ad-
vanced Photon Source (APS) near Chicago, USA, powerful x-ray sources are available.
These sources are characterized by their high brilliance that exceeds that of normal x-ray
tubes by up to 12 orders of magnitude.
With the advancement of high brilliance x-ray sources, several optics for x-ray microscopy
were developed in order to achieve better spatial resolution. Among those are Fresnel zone
plates (FZP), curved mirrors, waveguides and nanofocusing refractive lenses (NFLs). All
of these optics are able to generate nanobeams with lateral spot sizes around 50nm or
even lower [KMS+06, MMY+05, SKP+05b, KLS+07, SKFB08]. Depending on the kind of
experiment, the sample and the energy, the best-suited optic or a combination of multiple
optics can be chosen for the experimental application.
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This work deals mainly with the manufacturing and the application of nanofocusing
refractive x-ray lenses. W. C. Röntgen concluded from his experiments that x-rays could
not be focused by lenses “... Dass man mit Linsen die X-Strahlen nicht concentrieren
kann, ist nach dem Mitgetheilten selbstverständlich, eine grosse Hartgummilinse und eine
Glaslinse erwiesen sich in der That als wirkungslos ...” [Rön96]. This textbook knowledge
was relied on until the first refractive lens for x-rays were made in 1996. These first lenses
were a linear array of holes, drilled in a block of aluminum [SKSL96]. To compensate
for the weak refraction, a large number of holes were placed behind each other. Because
of their spherical and cylindrical shape, these lenses showed strong spherical aberrations
and focused in just one dimension. To reduce the spherical aberrations and focus in
two dimensions, lenses with parabolic and rotationally symmetrical shape were developed
[LST+99]. These lenses, referred to as compound refractive lenses (CRLs), were developed
and fabricated by Lengeler, et al., at the RWTH Aachen University, Germany. Free of
spherical aberrations, these lenses are well-suited for imaging applications.
Today these lenses are made of aluminum, beryllium or nickel and are routinely used
at several beamlines at modern synchrotron sources, e.g. ESRF, SPring8, PETRA III,
APS, et cetera. These lenses work in an energy range of about 8keV to 120keV. They
reach resolutions down to 100nm [SMK+02, SKL+03] and are characterized by their good
imaging properties and their easy alignment.
In order to generate diffraction-limited spot sizes well beyond the 100nm using refractive
x-ray lenses, a new type of nanofocusing lenses (NFLs) was designed [SKP+05b, SKH+03a].
To achieve the diffraction limit, the focal length of NFLs compared to that of CRLs had
to be scaled down significantly. This was attained with NFLs by building a very compact
lens and by reducing the radius of curvature to a few micrometers. Because of the small
structure sizes of NFLs, they are made by lithography and deep reactive ion etching,
producing a stack of parabolic cylinders in the lens material. Due to their cylindrical
shape they focus just in one dimension so that a crossed geometry of two planar lenses is
required to create a point focus.
As one part of this work, an optical NFL interface implemented into the x-ray microscope
which is installed at the beamline ID13 at the ESRF was designed. This lens interface
was developed, built and tested by our group in collaboration with the beamline ID13.
The x-ray microscope is designed for two- and three-dimensional (tomography) scanning
experiments and supports transmission, fluorescence and (coherent) diffraction contrast.
By using NFLs, this microscope is able to generate nanobeams routinely with a lateral
size of 100nm (FWHM) and below. The physical limitation in the spot size of NFLs lies
in the range of 20nm. By using adiabatically focusing lenses, lateral spot sizes of around
2nm (FWHM) are theoretically possible [SL05].
Along with improved sources and optics, new x-ray microscopy techniques have emerged
with the ambitious goal of obtaining nanometer and sub-nanometer resolution in the future.
One method that nowadays attracts more and more attention is coherent x-ray diffraction
imaging (CXDI).
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Under coherent illumination of the sample, a characteristic speckle pattern is created
in the far field of the object. These coherently recorded diffraction patterns are used to
recover the structure of the object. The main difficulty of this method is that the structure
determination requires the knowledge of the phase in the diffracted field. However, the
phase can not be measured directly but must be reconstructed numerically with iterative
computing methods. While this method is expected to become one of the main applica-
tions for future experiments at upcoming x-ray free-electron laser sources (XFEL), many
experiments have already been done successfully in the soft- [MCKS99, CBB+06] and in
the hard x-ray regime [MIJ+02, RVW+01, VRO+05]. The promising results of these ex-
periments have shown that this method has the potential of reaching high resolutions.
The maximum resolution that is achievable with this diffraction-based method is related
to the largest diffracted angle at which a significant signal can be recorded [MCHR+03].
Using conventional x-ray microscopy in combination with CXDI methods, the achievable
resolution is no longer limited by the optic used. Resolutions of well beyond the diffraction
limit of the x-ray optic used are feasible [SBF+08].
In the scanning mode of CXDI, so-called ptychography, this method is able to reconstruct
the sample and the illumination simultaneously [TDB+09, TDM+08, RF04, FR04, MR09].
Thus this method is not only a promising candidate for high-resolution x-ray microscopy
of larger extended samples, it is even well-suited for analyzing the optics. Especially the
reconstructed illumination function and the possibility of computed propagation of the
wavefield along the optical axis give enlightening information about the optic.
This thesis is focused on the optimization and development of the production of nanofo-
cusing refractive x-ray lenses. It begins with the theoretical background of x-rays, their
generation and their interaction with matter, which are described in chapter 2 and chapter
3. Especially, the generation of the synchrotron radiation is discussed in chapter 2. Im-
portant in the discussion about x-ray microscopy are the different optics. In particular the
details, advantages and disadvantages of refractive lenses are described in chapter 4. The
required micro-fabrication techniques for producing cylindrically symmetrical NFLs with
lateral structure sizes in the micrometer range, are introduced in chapter 5. In chapter 6,
the results of the optimization and the final manufacturing process are presented. Chapter
7 presents simulations of the ideal and the aberrant lens in order to examines the artifacts
in the lens shape and lens sidewalls, which occur during the manufacturing process by
analyzing the modeled far field and the modeled focus.
Two experiments with different applications are described in chapter 8. The first one is a
high resolution scanning fluorescence mapping of a geological sample measured at the ID13
of the ESRF. The second one is a coherent x-ray diffraction imaging (CXDI) experiment,
performed at the cSAXS beamline of the SLS in Villingen, Switzerland. The results of
the collected data show interesting information about the lenses and their aberrations.
Comparison of simulated and measured data shows good agreement.
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In the last chapter 9, the manufacturing process for diamond lenses is described. Di-
amond with its extraordinary material properties is one of the best-suited materials for
refractive x-ray lenses.
Finally this work concludes with a summary of the present and the prospected future
work on nanofocusing lenses and their applications.
Chapter 2
X-Ray Sources
This chapter starts with an introduction on x-rays. It gives a brief description of x-ray
radiation and their properties. Subsequently the operating principals and the spectrum of
the most common x-ray source, the x-ray tube, are described.
Detailed information is provided about the generation of synchrotron radiation by bend-
ing magnets (BM) and insertion devices (ID) like wigglers or undulators in modern storage
rings. The chapter closes with a description of the angular divergence, the time structure
and the spectral distribution of an insertion device.
2.1 X-Rays
X-rays, like visible light or ultraviolet light, are part of the electromagnetic spectrum
(see Figure 2.1). The boundaries of the different kinds of electromagnetic radiations,
e.g., infrared, visible, ultraviolet light or x-rays are not precisely defined (see Figure 2.1).
However, when talking about the x-ray regime the typical energy range starts at an energy
E of a few hundred eV up to several 100keV. Relating to this energy range, x-rays have
Figure 2.1: A schematic sketch of the electromagnetic spectrum. Hard x-rays are bounded
from below by ultraviolet light and above by gamma radiation. The energy range of x-rays
starts approximately at E ≈ 1.24keV to E ≈ 124keV.
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short wavelengths of λ = 10Å (equivalent to energies of E =1.24keV) to λ = 0.001Å
(E = 124keV). The characteristics of each part of the electromagnetic spectrum depends
on the wavelength λ. Thus the interaction of visible light with matter is different from the
interaction of x-rays with matter. Due to the short wavelength of x-rays (in the Å range)
they are well-suited for the study of the structure of condensed matter on the atomic level.
This is the basis of x-ray crystallography.
The short wavelength as well as the large penetration depth in matter make x-rays
highly interesting for microscopy. X-ray analytical techniques, such as x-ray diffraction,
fluorescence and absorption spectroscopy give information about the crystalline structure,
the chemical element composition and the chemical state, respectively. The possibility
of using these techniques in a scanning x-ray microscope allows one to obtain 2D, 3D or
even 4D (for example space and time) information about the specimen without destructive
sample preparation or contamination.
One of the key parameters for x-ray microscopy is the brilliance of the sources. The
brilliance is described as the number of photons in a given bandwidth of δE/E, divided
by the source size ∆A, the solid angle ∆Ω and the time ∆t.
BR =
photons
∆Ω ·∆A ·∆t · δE/E
(2.1)
Figure 2.2 shows the development of the brilliance of x-ray sources over the years. The
brilliance has increased dramatically over the last hundred years.
2.2 Layout of an X-Ray Tube
The most common x-ray source up to now is the x-ray tube. The main advantages of an
x-ray tube compared to synchrotron sources are their easy handling, their wide availability,
their small size and the relatively low price in acquisition and operation. In the last decades
the x-ray tube has gone through an enormous development, however, the basic principles
are still the same.
Inside an evacuated tube, electrons are accelerated from a heated cathode towards an
anode by an electrostatic high voltage field (see Figure 2.3 (a)). Subsequently, the electrons
hit a metallic target typically made of tungsten, molybdenum or copper. When hitting
the anode material they are decelerated and lose their energy. Most of their kinetic en-
ergy is wasted in thermal power on the anode material which therefore has to be cooled.
The maximal radiation power of an x-ray tube is limited by the power of the cooling
system.
The smallest part, of the energy, approximately 0.1%, is transferred into electromagnetic
radiation, e.g., x-ray photons. The kinetic energy of the electrons before they strike the
anode material is given by
Ekin = eU, (2.2)
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Figure 2.2: The development of the brilliance of x-ray sources. The brilliance has increased
dramatically over the last hundred years.
where e is the elementary charge and U the applied high voltage between cathode and
anode. The maximum photon energy of the emitted radiation is limited to Emax = Ekin.
In this case the electron would lose its entire energy by emitting Bremsstrahlung in one
scattering process. With the relation E = hc/λ the minimal wavelength of emitted photons





where h is the Planck’s constant and c is the speed of light. Deceleration of the electrons
results in the Bremsstrahlung radiation or white radiation. The anode material emits a
continuous spectrum up to the maximum energy Emax = eU .
A second contribution to the x-ray tube spectrum is created by interactions of the ac-
celerated electrons with the electrons of the core shells of the target material. When the
kinetic energy of the colliding electrons exceeds the binding energy of lower shell electrons,
they can eject an electron from the inner shell. These vacancies are quickly filled by elec-
trons from higher levels, emitting x-rays with sharply defined frequencies associated with
the energy differences between the atomic levels of the target atoms (see Figure 2.3) (b).
The spectral intensity of these characteristic lines in the emitted spectrum is much higher
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than the maximum intensity of the continuous part. For this reason, when monochromatic
radiation is used, it is a good choice to use one of the characteristic lines. But this lim-
its the option of different energies, which cannot be changed without replacing the target
material.
Since Bremsstrahlung radiation and core shell excitation are rare events the greatest
amount of the electrons energy contributes to heating up the anode material. The isotropy
of the emitted radiation as well as a lot of energy dissipated as heat limits the brilliance
and total radiation power of an x-ray tube.
(a) X-ray tube.
(b) Spectrum of an x-ray tube
Figure 2.3: Schematic sketch and emitted spectrum of an x-ray tube for different acceler-
ation voltages
2.3 Synchrotron Radiation
The experiments which are described in later chapters were performed at third generation
synchrotron sources, especially, the European Synchrotron Radiation Facility (ESRF) in
Grenoble, France and the Swiss Light Source (SLS) in Villigen, Switzerland. The radiation
produced by these x-ray sources is much higher in brilliance (see Figure 2.2) than that of
an x-ray tube. In a synchrotron source, highly relativistic electrons circulate inside an
evacuated storage ring on a polygon and emit so-called synchrotron radiation.
This effect was first observed in accelerators for high energy particle physics. In the past
this radiation was used at these rings in a parasitic mode. Nowadays dedicated storage rings
exist which are exclusively used to produce synchrotron radiation. One of the brightest
third generation sources is the ESRF storage ring.
These days, new dedicated synchrotron storage ring sources, e.g., PETRA III, Hamburg,
Germany and free electron lasers (FEL) sources, e.g., FLASH, Hamburg, Germany, Euro-
FEL, Hamburg Germany or LCLS, Stanford, USA are being developed. These fourth
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Figure 2.4: Schematic sketch of a third generation storage ring for producing synchrotron
radiation.
generation synchrotron sources (FEL) generate x-ray beams several orders of magnitude
more brilliant than those of the conventional storage ring. An FEL source is able to provide
a highly coherent and intensive beam and seems to be a well-suited source for coherent x-
ray applications. The FEL will not be specifically addressed here because the experiments
described in this work were all done at third generation synchrotron sources.
2.3.1 Third Generation Synchrotron Radiation Source
In the following, the layout of a third generation synchrotron source is presented using
the example of the ESRF as a typical high brilliant synchrotron source (see Figure 2.4).
Such third generation synchrotron sources usually consist of an injector where electrons (or
positrons) are emitted and pre-accelerated to energies of ∼200MeV. A synchrotron acts as
a booster to increase the electron energy to around 6GeV at the ESRF. Then, the electrons
are transferred into a storage ring, where they are kept on a closed bent path by bending
magnets (BM) and emit synchrotron radiation for several hours (see Figure 2.4). The
storage ring is a polygon which at the ESRF consists of 32 straight sections. The ring has
a circumference of 845 meters. At the corners of the polygon, bending magnets keep the
electrons on their path. They provide a homogenous magnetic dipole field perpendicular to
the path of the electrons, which results in a change of their direction. Additional magnets
like quadrupoles and sextupoles with more complicated magnetic field structures are used
to form and focus the electron beam. Sextupoles for example are used to correct the energy
dispersion (chromatic aberration) of the electron beam.
Due to the acceleration that accompanies their change in direction the electrons emit
radiation which is used in experiments. In general the radiation emitted by an electron
on a circular orbit is similar to that of the Hertz dipole. However, since the electrons in
the storage ring are highly relativistic, i.e., their velocity is close to the speed of light, the
radiation is transformed into a sharply collimated beam tangential to the electron path.
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At the ESRF 64 quadrupole lenses serve as focusing elements for the electron beam. The
typical values for the electron root mean square beam (rms) size at a high-β beamline at
the ESRF are approximately 400µm horizontally and 8µm vertically. The values for low-β
beamlines are 60µm and 8µm in horizontal and vertical direction, respectively.
In the straight sections of the polygon (between two bending magnets) is space for the
insertion devices, e.g., wigglers and undulators. An insertion device consists of two rows of
alternating magnets facing each other, which create a periodic magnetic field and force the
electrons onto an wiggling path. Wigglers and Undulators are built in the same manner,
but they are different in their emission. The wiggler, like the bending magnet, has a
continuous spectrum. The undulator, on the other hand, has a discrete spectrum. The
reason for this is that the different cones of radiation resulting from each wiggle of the
electron path overlap and superimpose coherently. Detailed information about this are
discussed in later sections of this chapter.
The emitted energy of the electrons in the storage ring has to be compensated. This is
done in radio-frequency (RF) cavities, which accelerate the electrons accordingly. The RF
cavities do not only deliver the lost energy back to the electrons (approximately 0.1% of
their energy (6MeV) on one circulation), but are also responsible for the time structure of
the electron and x-ray beam. In the ESRF cavities, radio waves with typical frequencies of
352.2MHz transfer energy to the electrons similar to a surfer gaining energy in a travailing
wave. This requires the electrons to be packed in bunches. The bunch structure of the
electrons also allows different operating or filling modes. The ESRF currently uses several
modes. The most common modes are the uniform-mode (992 bunches equally distributed
around the whole circumference of the storage ring) or the 16 bunch filling-mode (16
highly populated and equally spaced bunches).
2.3.2 Radiation Power Emitted by Charged Particles
Non-Relativistic Case
According to Larmor’s theorem, accelerated charges emit electromagnetic radiation. This
applies to every charged particle, e.g., for electrons in an x-ray tube or electrons / positrons
in a storage ring. In the non-relativistic case of a particle with the charge e and the
momentum −→p = m−→v (with m being the rest mass and −→v the speed of the particle) the















where ε0 is the dielectricity constant of the vacuum, m0 the rest mass of the electron, c
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Figure 2.5: Schematic sketch of the angular distribution of the radiation of a so-called
Hertz dipole along the z-axis. The angular distribution has a donut-like shape with sin2 Θ,
where Θ is angle between of observation and the direction of acceleration.
Here, the velocity of the particle is much smaller compared to the speed of light. (v  c).
Formula 2.4 demonstrates that radiation is emitted in the case of forces changing the
momentum of the particle. The angular distribution of the emitted radiation has a donut-
like shape like the distribution of a Hertz dipole (see Figure 2.5). The angular distribution



















The radiation power emitted by non-relativistic particles can be in the most cases neglected.
Relativistic Case
When the speed of the charged particle increases and reaches velocities close to the speed
of light, (v . c), the donut changes its form so that the maximal intensity is increas-
ingly emitted in the forward direction. In the relativistic case the loss of energy by the
electromagnetic radiation can no longer be neglected. The relativistic form of Larmor’s
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where dτ = 1/γ · dt, γ = 1/
√
(1− β2), β = v/c and E is the energy of the particle. The
radiation power relates essentially to the angle between the propagation direction −→v and
the direction of the force parallel to d−→v /dτ .
In the following we consider a highly relativistic electron, with the charge e inside an
homogeneous magnetic field
−→
B . The magnetic field
−→
B and the motion direction of the elec-
tron −→v are perpendicular to each other. In that case the Lorentz force
−→
F = q−→v ×
−→
B forces
the electron moving on a circle (cyclotron motion). The emitted power of the relativistic
electron from a circular path is much higher than from a linear acceleration.∣∣∣∣d−→pdτ
∣∣∣∣ = γω|p|  1c dEdτ (2.9)
where ω is the angular cyclotron frequency. The radiated power of highly relativistic
















where F⊥ = ω|−→p | = evB the transverse Lorentz force, v = βc the speed of the particle, R








Cγe = 8.8 · 10 −5m/GeV3 for electrons, and
Cγp = 7.8 · 10−18m/GeV3 for protons.
It is obvious (see equation 2.11) that the emitted radiation strongly depends on the mass
of the particle. Therefore, it is most relevant for small particles like electrons or positrons.
For heavy particles, e.g., protons, synchrotron radiation is not observed until the particle
reaches energies of several 100GeV. The energy loss of a particle with the nominal energy














where T0 = 2πR/βc is the orbital revolution period [Wil96, Len03].
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Figure 2.6: Schematic sketch of emitted photon perpendicular to the direction of motion
of the electron in the moving system K′ (left) and the the laboratory system K.
Angular Distribution of Synchrotron Radiation
In the non-relativistic case, where the velocity of the particle is small, the radiation field






v̇2 sin2 Θ. (2.14)
Integration over the total unit solid angle gives the same total radiated power as Larmor’s
formula (see equation 2.8). The angular distribution of the emitted radiation looks like
that of the Hertz dipole.
For particles with relativistic velocities the angular distribution becomes more compli-
cated than the sin2 Θ dependence of the Hertz dipole. To calculate the distribution we
consider the electron in the moving coordinate system K′ (see Figure 2.6). In this system
the electron is accelerated in the z-direction perpendicular to the motion direction x. In
this case the angular distribution has the characteristic shape of the Hertz dipole (in the
moving system K′). For a simple estimation we consider the emitted photon perpendicular
to the direction of motion (see Figure 2.6). The momentum ~p′ in moving system K′ of this
photon is given by
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The Lorentz transformation of the 4-momentum vector Pµ gives the motion direction of
the photon of the laboratory system K.
Pµ =

γ 0 0 βγ
0 1 0 0
0 0 1 0



























From the relation between the energy and the momentum of a photon, ~E = ~pc, the radiation








In general, Θ is small and the velocity is close to the speed of light (v ≈ c). It follows
that tan Θ ≈ Θ and β ≈ 1. The Lorentz transformation of the Hertz dipole form motion
system into the rest system gives a small radiation cone in forward direction (see Figure





The sharp collimation of the beam is one of most attractive characteristics of synchrotron
radiation. For details in the calculation, see [Wil96] and [Lee04].
Time Structure of a Bending Magnet
In a constant, homogenous magnetic field, B, electrons move on circular trajectories. The










As shown above a relativistic electron emits radiation with a dipole characteristic in its
moving system. In the laboratory system the emission is transformed into a cone with
the half opening angle 1/γ in forward direction. For an observer in the laboratory system
the visible angular region around one tangential point is 2/γ. The electron needs the time
∆t = 2R/γv to travel the arc from point A to point C. During the time ∆t the beginning
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Figure 2.7: The radiation distribution of an electron on a circular path of (a) a slow electron
(v  c) and (b) of a relativistic electron (v ≈ c) [Wil96]
of the light pulse emitted at point A has travelled the distance D (see Figure 2.8 (b)) given
by




The end of the light-pulse is emitted at point C when the electron has traveled the distance
d given by
d = 2R sin (1/γ) (2.24)
in the direction of the light pulse. The time duration τ of a light pulse emitted by an















, with β ≈ 1. (2.25)
The time duration τ is shorter than the time ∆t. The periodic time T between two pulses
is given by the circumference of the storage ring, 2πR and the velocity v of the electron.






The emitted spectrum can be obtained by Fourier transformation. It contains about γ3
harmonics of the basic frequency ω0 up to a characteristic frequency ωc = ω0γ
3.
The main disadvantage of a bending magnet as a source of synchrotron radiation is that
the emitted radiation although collimated in the vertical, is not collimated in the plane
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(a)
(b) (c)
Figure 2.8: (a) Schematic sketch of a bending magnet. (b) & (c) Time structure of a
bending magnet
of the storage ring. This disadvantage is overcome by the insertion devices the so-called
wigglers and undulators. The bending magnet, however, is well suited for applications
which require a large field of view.
2.3.3 Insertion Devices
Insertion devices (ID) are the main sources at modern storage rings, and produce radiation
collimated in horizontal and vertical direction. The name insertion device originates from
their insertion into a straight section of the polygon. An insertion device consists of two
rows of alternating magnets facing each other. The ID creates a periodic magnetic field
2.3. SYNCHROTRON RADIATION 25
and forces the electrons onto an oscillating path (see Figure 2.9). Hereby the magnetic
field can be written as
~B =
(






where λu is the period of the alternating poles of the undulator or wiggler. The Lorentz















Solving this system of equations can be done under the conditions of ẏ = vy  c and
ẋ = vx = c = const. With the substitution of ÿ = y












Integration of the equation 2.30 delivers the deflection angle of the wiggling path which





















The dimensionless parameter κ allows to characterize the optical properties of the insertion




With increasing κ the amplitude of the sinusoidal path of the electrons inside the insertion
device increases. The sinusoidal motion can be calculated by integration of the equation
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With this the parameter κ = γ · αmax allows the differentiation between undulator and
wiggler. It is
κ = 0, 934 · λu[cm] ·B0[Tesla]. (2.38)
Figure 2.9: Schematic sketch of an insertion device. The ID creates a periodic magnetic
field and forces electrons onto an oscillating path.
Wiggler: κ 1, αmax  1γ
Typical for the wiggler is that the angle of the emission cone 1/γ of an electron is much





For this reason the emission process of an electron at different positions on its wiggling
path are independent from each other. In this case the intensities of each wiggle have to
be added. The total intensity from a wiggler with N periods can be enlarged compared to
that of an bending magnet by:
Iwiggler = 2N · Ibending magnet. (2.40)
In the vertical direction the aperture is determined by the opening angle 1/γ of the emis-
sion cones. In the horizontal direction the aperture is given by the maximum angle of
deflection.
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Undulator: κ ≤ 1, αmax ≤ 1γ
Undulators are the most brilliant x-ray sources available today. The emitted radiation is
polarized linearly in the undulator plane and the photon energy can be varied by changing
κ with the undulator gap.
Typical for an undulator, in contrast to the wiggler, is the very small deflection an-






In this case the emission cones from the same electron at different positions of its wiggling
path overlap coherently, so that it is not possible to tell at which point of the electrons
path an observed photon was emitted. According to the rules of quantum-mechanics,
when a quantum-mechanically event can take place in many undistinguished ways, the
amplitudes have to be added coherently. Due to the constructive interference the intensity
of a undulator with N periods exceeds that of an bending magnet by:
Iundulator = (2N)
2 · Ibending magnet. (2.42)
Undulator Spectrum
Adding up coherently all probability amplitudes for the emission of one photon by one
electron along its trajectory, the wavelength, the frequency and the energy of the emitted





















+ γ2θ2)−1 with j = 1, 2, 3, ... , (2.45)
where θ is the viewing angle of the observer. As can be seen from the formulas, the
wavelength of the photon is given by the period λu of the undulator shortened by a factor
γ2 due to the electron’s relativistic speed. By changing the undulator gap the magnetic
induction can be changed and so the wavelength of the photon is changed. Because of the
θ2-factor the wavelength becomes longer above and below the optical axis of the undulator
plane.
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Chapter 3
Interaction of X-Rays with Matter
In this chapter the different physical processes in the interaction of x-rays with matter
are discussed in order to understand the way (nanofocusing) refractive lenses work. X-ray
properties are outlined beginning with the complex index of refraction for x-rays in matter.
Lambert-Beers’s law is explained and absorption and scattering processes of photons are
discussed in later sections of this chapter.
3.1 The Complex Index of Refraction
The index of refraction for x-rays in matter can be written as [Jam67]
n = 1− δ + iβ (3.1)
where the refractive index decrement δ describes the strength of refraction with respect to
vacuum. In the x-ray regime it has a positive value of the order 10−6 at photon energies
of 20keV. The imaginary part β of the index of refraction n describes the absorption. The
imaginary part is even smaller than δ by two or three orders of magnitude (10−9). Both
can be derived from the atomic form factor f( ~K0) = Z + f
′′ + if ′′ in forward direction,
where Z is the atomic number and f ′ + if ′′ the dispersion correction.
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Here NA is Avogadro’s number and λ = 2πc/ω the wavelength of the incident x-rays. The
parameter ρ is the density of pure elements and A the atomic mass. Due to the fact that
practically for all materials the ratio Z/A is between 0.3 and 0.5, the number ρ representing
the density is the only material parameter that has an influence on the decrement of the
index of refraction.
The term NAρ/A in (3.3) represents the number of atoms in the volume of interest
and the value r0 = e
2
0/(4πε0m0c
2) is the classical electron radius, where m0 represents
the rest mass of the electron as the scattering particle. Therefore, the scattering by a
nucleus is disregarded because its mass is three orders in magnitude heavier than that of
the electron.
Even when disregarding the absorption (β = 0), it is noted that the index of refraction n
for x-rays in matter is smaller than unity. Therefore, for x-rays matter is optically thinner
than vacuum and as a result the phase velocity of x-rays are larger in matter than in
vacuum. This does not violate the special relativistic law because only the phase velocity,
vph = ω/k is larger than c. The group velocity, vgr = ∂ω/∂k which is the decisive quantity
for information transmission does not exceed the vacuum speed of light c. According to
Snell’s Law [Hec87], which is also valid in the x-ray regime
n1 · cosα = n2 · cosα′ (3.6)
the refracted ray is refracted away from the surface normal because the index of refraction
is less than unity. Here α and α′ are the angles between the surface and the incident and
the refracted ray, respectively (see Figure 3.1).
At a photon energy of E = 15keV the decrement δ for silicon (Si) with the density
ρsilicon=2.33g/cm
3 can calculated to be δ = 2.16 · 10−6. For an incidence angle of α = 10◦
the corresponding angle of refraction is roughly α′ = 9.9993◦. The corresponding refraction
angle of visible light in glass (n=1.5) would be θ2 = 48.96
◦. The weak refraction of x-rays is
one of the main difficulties when producing a refractive x-ray lens (for further information
please refer to later chapters).
Additionally the refraction away from the surface normal implies that there exists a
critical incident angle αc below which total external reflection occurs. This incident angle
is called critical (α = αc), when α







c) = n = 1− δ (3.7)
for β = 0. Neglecting higher terms of the Taylor series, gives a relationship between δ and




This indicates that total external reflection occurs only at very small angles. Knowing that
δ is about 10−6, the critical angle is in the order of milliradians.
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Figure 3.1: (a) Refraction for visible light. The refraction index is larger than unity. The
refraction angle α′ is greater than the incident angle α. (b) Refraction for x-rays. The
refractive index is smaller than unity. Therefore, the refraction angle α′ is smaller than
the incident angle α. (c) Total external reflection. If the incident angle is smaller than a
critical angle αc, the radiation is completely reflected.
3.2 Attenuation of X-Rays in Matter
The imaginary part β of the refraction index n describes the absorption of x-rays in matter
(see equation 3.4). The absorption of x-rays in matter is described macroscopically by a
simple empirical law. However, the underlying physical processes are more complicated.
The absorption in a homogenous piece of material with the thickness d is determined by
Lambert-Beer’s law:
I(E, d) = I0(E)e
−µ(E)d, (3.9)
where I0(E) is the incident and I(E, d) the transmitted intensity, E is the energy of the
x-rays and µ(E) the linear attenuation coefficient. The attenuation coefficient is related





At a closer look, one can distinguish different effects in the overall attenuation µ(E). These
are photo absorption τ(E), scattering σ(E)r,c and pair production σ(E)pair:
µ(E) = τ(E) + σ(E)r + σ(E)c + σ(E)pair. (3.11)
Here σr(E) is the elastic scattering (Rayleigh) and σc(E) the inelastic scattering (Comp-
ton). Pair production σpair occurs at high photon energies σpair. The different terms of the
overall attenuation coefficient will be discussed separately in the following.
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3.2.1 Photo Absorption
At energies from 10keV to 40keV the term τ(E) representing the photo absorption domi-
nates the attenuation coefficient µ(E) (see Figure 3.2). Absorption means that an incident
x-ray photon ~ω is absorbed by the atom and thereby weakening the primary x-ray beam.
The photon ionizes the atom by ejecting an electron from the inner shells. This process
occurs as the photon energy exceeds the binding energy EB of the electron. If there is a
surplus of photon energy, the expelled electron receives the remaining energy as kinetic
energy:
Ekin = ~ω − EB. (3.12)
The absorption coefficient is roughly proportional to E−3. The quotient µ
ρ
scales with the







This simple approximation is not valid in the vicinity of absorption edges, where the
behavior becomes more complicated (for further information please refer to [Stö92]).
The photo absorption effect involves some follow-up processes, to return the ionized atom
to the lowest possible energy state. The vacancy in one of the inner shells is refilled by
an electron from a higher shell, emitting radiation in the process. This radiation is called
fluorescence radiation. Since now an electron from a higher shell is missing, this vacancy is
filled with an electron from yet a higher shell. This effect repeats until all inner shells are
filled, putting the ion in its ground state. A experiment using the fluorescence radiation
as contrast is described in chapter 8.
Another possibility for the atom to lose the surplus energy gained from an atomic tran-
sition is the emission of a higher-shell electron. In that case no radiation is produced. An
Auger process creates an additional electron vacancy, leaving the atom twice ionized. This
vacancy is refilled in the same manner as described above. Although it is non-radiative
itself, the Auger process may therefore be followed by other radiative transitions.
3.2.2 Scattering
The term scattering refers to a process in which incident photons are changed their energy
or direction, but are not absorbed. However, this also weakens the primary beam and
therefore contributes to the attenuation. There are two different scattering processes, the
elastic and inelastic scattering. The elastic scattering of x-rays by bound electrons is
described by Rayleigh scattering. In this type of scattering the energy and the magnitude
of the momentum of the incident x-ray photon are not changed. The scattered photon has
the same energy as the incident one, but generally a different direction.
In x-ray physics, the most important consequence of Rayleigh scattering is Bragg re-
flection, which occurs in periodic samples with a periodicity on the order of the incident
wavelength.
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The second scattering process is the Compton scattering. Compton scattering is an
inelastic scattering process. If an x-ray photon hits a nearly free electron (weakly bound
electron in the outer shell of the atom) the electron takes up part of the photon energy. For
simplicity, we assume that the electron is completely free. The incoming photon collides
with the electron, changing its own wavelength and direction, while giving the surplus
momentum and energy to the electron. Applying the energy and momentum conservation
laws to the process, one can calculate the photon’s energy loss as a function to the scattering
angle ψ. The loss in energy results in a wavelength shift given by
∆λ = λComp · (1− cosψ) (3.14)




= 2.43 · 10−12m. (3.15)
The Compton scattering gains influence over the other mechanisms of attenuation at higher
photon energies above 50keV (see Figure 3.2).
3.2.3 Pair Production
For the sake of completeness the last term σ(E)pair of the overall attenuation µ(E) (see
equations 3.11) will be discussed in the following section. If the photon energy is sufficiently
high, a photon in an electric field can produce an electron-positron pair as
~ω → e− + e+ + 2Ekin, (3.16)
where Ekin is the kinetic energy of one of the created particles. Pair production requires
a strong electric field such as the one present near an atom core. However, this reaction
can also occur in the vicinity of an electron, although the cross section is about an order
of magnitude smaller. It is obvious that the energy needed to create the two particles is
at least twice the mass equivalent of an electron or positron, i.e., 511keV. For this reason
pair production cannot occur when working with energies below E < 1MeV (see Figure
3.2).
The photon energies used in this work never exceeded 25KeV. Therefore pair production
plays no role in the energy range of interest in this work.
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Figure 3.2: The competing photon interaction processes as a function of the photon energy
- exemplarily shown for silicon (Si). Note that both axes have a logarithmic scale. For
low energies, photo absorption is the main contribution in the overall attenuation. Around
50keV the Compton effect is most prominent. Coherent scattering merely plays a minor
role. At higher energies well above 10MeV, pair production in the nuclear field becomes the
major contribution to the attenuation. Pair production in the electron field is significantly




The rapid development of microanalysis and imaging with x-rays over the last decades
has created a great demand for smaller spot sizes to obtain higher spatial resolution.
Today, there exist a multitude of x-ray optics like curved mirrors [KB48, SU92], multilayers
[TWUB87, UBF86], single and multiple capillaries [BHT94, HTB94], waveguides [SKFB08,
JFO+05, JCD+01], diffracting lenses [ABK+89, LYL+92, Sni95, SSS98] and refractive x-ray
lenses [LSR+99, LSB+02, KLS+07].
This chapter will discuss the different x-ray optics, especially the properties of parabolic
refractive lenses. We begin with the basic design, functionality and optical properties of
compound refractive lenses (CRLs). Following this, we discuss the nanofocusing refractive
lenses (NFLs). Besides refractive lenses there is a variety of other x-ray optics. For the sake
of completeness these optics will be briefly described in the last section of this chapter.
4.1 Refractive X-Ray Lenses
4.1.1 Historical Note
The low value of δ (real part decrement of the index of refraction) and the comparably
large value of µ (attenuation coefficient) of x-rays in matter compared to the values of
visible light in glass is the main difficulty in developing a refractive x-ray lens. This was
the reason why these lenses were said not to be feasible; “... Dass man mit Linsen die
X-Strahlen nicht concentrieren kann, ist nach dem Mitgetheilten selbstverständlich, eine
grosse Hartgummilinse und eine Glaslinse erwiesen sich in der That als wirkungslos ...”
[Rön96], and it has been accepted wisdom for many years.
However, in 1996, the first x-ray lenses were produced [SKSL96]. These lenses achieved
a focal length in the meter range and work efficiently in the energy range between 5keV
and 40keV.
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Figure 4.1: Left: single lens. Right: To compensate for the weak refraction, a stack of
many lenses is required, These compound refractive lenses (CRLs) are made of beryllium
(Be) aluminum (Al) and nickel (Ni). Depending on the number of single lenses CRLs
generate a point focus with a focal length of typically f ≈ 0.5m to 5m.
From visible light it is known that a focusing lens needs a convex profile because the
index of refraction is larger than unity. As was discussed in the previous chapter, the real
part of the index of refraction in matter for x-rays is slightly smaller than unity. Therefore,
a focusing x-ray lens requires a concave shape. The first fabricated refractive lenses were
a linear array of closely spaced holes drilled in an aluminum block [SKSL96]. The large
number N of single holes each having a small radius of curvature of R = 0.3mm were able
to compensate the weak refraction. These lenses generate a line focus by focusing in just
one dimension and show strong spherical aberration, because of the spherical shape of the
drilled holes.
In order to use the lenses for imaging techniques the spherical aberration has to be
avoided. This can be done by choosing a parabolic lens profile (see Figure 4.1). Lenses of
aluminum and beryllium with the profile of a paraboloid of rotation have been manufac-
tured with radii R between 50µm and 1500µm by using a pressing technique. These lenses
generate a point focus and are well-suited for full-field microscopy [LST+99].
To achieve the ultimate small spot size well below the hundred nanometer scale, a closer
look to the limiting factors is required. The focus size is determined by the source size,
the demagnification and the diffraction limit. The aberrations of the lens has also to be
considered (for more detailed information about the limitations see later sections of this
chapter).
However, to generate small spot sizes the focal length f and the length l of the single
lenses have to be scaled down significantly compared to that of a CRL. This can be ac-
complished with lenses having radii of curvature in the micrometer range. This next lens
design, referred to as nanofocusing refractive x-ray lenses (NFLs), needs different produc-
tion process. To develop and manufacture these lenses microstructuring techniques like
4.1. REFRACTIVE X-RAY LENSES 37
lithography and reactive ion etching are necessary. Like the first generation of lenses (the
drilled holes) a NFL generates a line focus (see Figure 4.2). In order to achieve a point focus
a crossed geometry of two lenses behind each other is necessary. Both lenses are arranged
along the optical axis so that the line foci meet in the same plane [SKH+03a].
Today, a great variety of refractive x-ray lenses made of different materials, e.g., beryl-
lium, aluminum, nickel, silicon and diamond, having radius of curvature R from a few
micrometers to millimeters, are available. These lenses have two- of one-dimensional fo-
cussing profiles.
Figure 4.2: To decrease the focal length f , the radius of curvature has to be scaled down.
This requires a change to planar lenses design (nanofocusing lenses, NFLs). Left: Single
x-ray lens (NFL), Right: NFLs are made of silicon (Si) or diamond (C*) generating a line
focus with focal length on the order of millimeters.
4.1.2 Choice of Lens Material
The choice of the lens material has significant influence on the optical performance of x-ray
lenses. As discussed in the previous chapter the index of refraction is n = 1− δ + iβ. The
refractive index decrement δ describes the strength of refraction compared to vacuum and
is typically in the order of 10−6 at energies E = 10keV−20keV. The imaginary part β of
the refraction index n is proportional to the absorption. It is even smaller than δ by two
or three orders of magnitude (10−9). It becomes evident that virtually all materials have
a very weak refraction and relatively high absorption. Thus low-Z elements with a high
density are favorable materials for refractive x-ray optics. But in general the choice of the
lens material is not that easy because the handling, the knowledge of the manufacturing
processes and the quality and the accessibility of the base material have to be considered
as well. The low-Z materials and their aptitude as lens material will be discussed in the
following.
The material with the smallest Z that is solid is lithium (Li, Z = 3). Lithium is often
cited as the most suitable lens material [PDA07], because of its superior ratio of δ/µ. Due
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to the fact that the density ρLi = 0, 535g/cm
3 is too low to achieve reasonable refraction,
lithium, is not well-suited. Note that the numerical aperture (N.A.) of a x-ray lens is
proportional to the square root of the density ρ (details see later) and thus a low density
limits the spatial resolution of the lens. Additionally, the handling of lithium is difficult,
too, as it has to be kept in an oxygen- and water- free atmosphere.
The next higher-Z element is beryllium (Be, Z = 4) which is used in the making of
CRLs with radii of curvature of 50, 100, 200, 300, 500, 1000 and 1500µm. However, achiev-
ing thin lenses with radii of curvature of few micrometers requires a micro-manufacturing
process which seems to be very difficult for beryllium. Moreover, beryllium is also haz-
ardous due to the toxicity of beryllium oxide.
Boron (B, Z = 5) as the next higher element seems to be a good candidate for refractive
x-ray lenses. In earlier research we manufactured and tested a planar refractive lens made
of boron. We obtained good optical properties and spot sizes in the sub-micro-meter range.
However, further improvement and development of this boron lens prototype failed due to
the inaccessibility of high-quality material. Last but not least, neither the manufacturing
processes for the base material nor the micro-structuring processes of pure boron have been
investigated yet [Gat03, Boy05].
The next element is carbon (C, Z = 6). In its diamond (C*) modification it has
a relatively high density (ρdiamond = 3.52 g/cm
3) and thus high refraction. Compared
to lenses made of silicon (see below), the transmission through a diamond lens is much
higher. Diamond is also well-suited for use under extreme conditions as, for example, in a
free electron laser because diamond has a very low absorption coefficient, a high thermal
conductivity, a low thermal expansion coefficient and high thermal stability [AMRE94].
Therefore diamond seems to be a promising lens material for refractive optics used in
third or fourth generation synchrotron sources. Several studies have been conducted in
order to build a diamond lens [NHFD03, RCL03] but the results were disappointing. The
manufacturing process of diamond lenses will be discussed in chapter 9 of this work.
Silicon (Si) has a relatively low density of ρsilicon =2,33g/cm
3 and a high atomic number
Z of 14, but current NFLs are made of silicon. The main reason for this is the that it is
one of the best known materials and can be shaped accurately on the sub-micrometer scale
(for detailed discussion of the silicon processing please refer to chapter 6).
So far, NFLs have been manufactured using silicon, boron and diamond. The fact that
silicon is the primary material in the semiconductor industry is the reason why most of the
micro-machining and micro-structuring processes of silicon are well established. This large
pool of knowledge allows for the manufacturing of silicon NFLs with high accuracy and
reproducibility. Furthermore, the chip- and transistor industry requires single crystal high-
quality silicon wafers with low defect densities as a base material for their production. This
also reduces small-angle x-ray scattering of the lenses and material inhomogeneities.
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Figure 4.3: Imaging geometry for a thick refractive x-ray lens.
However, while boron and diamond are the desired lens materials because of their x-ray
optical properties the micro-machining and micro-structuring processes for these materials
are poorly engineered or even nonexistent. Boron and diamond NFLs that have been
produced so far are prototypes but nevertheless show that these materials have enormous
potential (see chapter 9). However, as they are not yet practical, silicon NFLs are employed
for routine use in experiments and applications (see chapter 8).
4.1.3 Imaging
The imaging of objects with x-ray lenses follows the rules of optics, as they are known of
visible light. A refractive lens can be used to project an object that is located at a distance
L1 in front of the primary principal plane H1 of the lens (see Figure 4.3). When imaging
an object at a distance L1 from the lens with focal length f an image is produced at the
distance L2 from the lens. The lens projects the object into an image plane at the distance
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Figure 4.4: In scanning x-ray microscopy a demagnified image of the x-ray source is used.
The spot size is given by the formula 4.4.
In practice, distances are more easily measured from the center of the lens. Therefore,
the distances g and b are introduced in Figure 4.3 measuring the object’s and the image’s








In scanning x-ray microscopy the synchrotron radiation source is demagnified by a lens
(see Figure 4.4). The source is characterized by the source size in horizontal, dhsource, and












4.1.4 Comparison of Visible Light with X-Rays












where f is the focal length, n1 the lens material, n2 the surrounding medium and R1, R2
the corresponding radii of curvature of the two lens surfaces. For a convex lens (R1 > 0,
R2 < 0) with a symmetrical shape R1 = −R2 = R placed in vacuum (n2 = 1 ), equation






(n1 − 1). (4.6)
For visible light the index of refraction of glass is approximately n1 ≈ 1, 5. With a typical
radius of curvature in the range of R ≈ 10cm the focal length is f ≈ 10cm. Compared to
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visible light the index of refraction for x-rays in matter is smaller than unity. Because of
this fact a refractive focusing lens in the x-ray regime has to have a concave shape. Using





Since δ is in the order of 10−6, it is necessary to choose a very small radius of curvature in
order to achieve a useful focal length.
For example, with a single hole having a radius of R = 300µm (which is very small
for a drilled hole), a focal length of f = 150m is achieved (with δ = 10−6). This has no
reasonable and practical value for experimental laboratories at synchrotron sources. This
lens would also show strong spherical aberrations because of its spherical shape (R = R0).
To overcome the weak refraction and the spherical aberrations we choose a stack of N
single parabolic lenses.
4.1.5 Focal Length of a Thin Parabolic Lens
As seen in the previous chapter a beam is refracted when passing through the surface of
a given material. This is described by Snell’s law (equation 3.6). Applying this law, the
behavior of a parabolic surface can be described as follows. Figure 4.5 illustrates a x-ray









= 1− δ, (4.8)
where n1 and n2 denote the indices of refraction of the medium inside and outside (vac-
uum n1 = 1) of the lens. Expanding cos (α1 −∆α) in a Taylor series to first order
cos (α1 −∆α) = cos(α1) + ∆α sin(α1) equation 4.8 can be read as
cos (α1) = (1− δ)(cos (α1) + ∆α sin (α1)). (4.9)
In the x-ray regime the value of δ can be disregarded compared to unity (1− δ ≈ 1). The
result is
∆α = δ cot (α1). (4.10)
The angle ∆α of the refracted beam depends on the position (x0, y0) where the ray hits the
surface of the lens. It can be determined by differentiating the function which describes
the shape of the surface. For a parabolic lens the function that describes the shape and its
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Figure 4.5: Refraction of a beam passing through a parabolic surface.
Therefore combining (4.10) and (4.11) and using (4.12) ∆α becomes





= −δ · y
R
. (4.14)
All refracted rays can be expressed as a set of linear functions with their point of incidence
y0 as a parameter:







Using the small-angle approximation tan (∆α) ≈ ∆α and x0 = 0 and the thin lens approx-
imation we disregard that the starting points of the rays differ not only in y- but also in
x-direction. The focal length f of any lens is defined to be the distance from the center of










which shows that the focusing property of a single lens is independent of y0. For more than
one surface the inverse values of the focal lengths have to be added: 1/f = Σi1/fi [Hec87].
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Figure 4.6: Single parabolic refractive lens. A single lens consists of two parabolas with
the radius of curvature R and distance d between the two apices. The overall thickness of
the lens is given by 2w0 + d = l. 2R0 defines the geometrical aperture of the lens






This is justified as long as the whole length of the lens can be considered short in comparison
to its focal length f .
4.1.6 Parabolic Refractive X-Ray Lenses
As can be seen from equation 4.18, for a refractive x-ray lens the radius of curvature R
has to be as small as possible, not only to reduce the focal length f but also to limit the
number of single lenses. With a spherical shape this would limit the geometric aperture to
2R0 of the lens. To avoid spherical aberrations and achieve apertures that are as large as
possible a parabolic lens shape is more suitable. A parabolic lens surface can be described
by the following:
y2 = ±2Rx, (4.19)
where the parameter R defines the radius of curvature at the apex and the variables y and
x are the coordinates. For parabolic lenses the geometrical aperture 2R0 can be chosen
independently of the radius of curvature R. One single lens consists of two parabolas with
the distance d between them (see Figure 4.6). The overall thickness of the lens is given by
l = 2w0 + d. This defines the geometrical aperture 2R0 of the lens. The thickness l, the
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radius of curvature R and the distance d between the two parabolas of the lens are the
three parameters needed to describe a single parabolic lens.
4.1.7 Thick Lens
Increasing the refraction power by stacking multiple lenses behind each other also increases
the total length L of the lens. If the total length of the lens is of comparable size to the
focal length, the thin-lens approximation is no longer valid. In this case the focal properties
of thick lenses can be described as follows. To calculate the focal distance f of a compound
lens system, we use transfer matrices for each optical element and free space propagation
of the ray. We apply the paraxial approximation where small angular deviations form
the optical axis are assumed. A ray is parametrized by the distance r from the optical
axis and the slope r′ with respect to the optical axis. For refraction at a single lens



























where N is the number of lenses in the stack with the overall length L of the lens. When









the focal distance for a thin lens is recovered. For a large lens, the equation 4.23 has to
be evaluated to obtain accurate optical parameters. This was done in [PV98], but involves
lengthy calculations. In a case where the total length of the lens array (L = Nl) is large
compared to the focal length f of one lens, the number of single lenses N can be considered
in a continuous limit (N →∞ at fixed L = Nl, fs and l→ 0). This allows to describe the
ray evolution inside the lens by a harmonic differential equation
r′′ = − 1
fsl
r, (r < R0). (4.25)
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Figure 4.7: Schematic sketch of a thick lens setup. A parallel beam focused by a thick lens.
The secondary focal length f2 is the distance from the principal plane H2 to the focus of
the lens.














where f0 = R/2δ is the focal length of a single lens. This solution indicates that the ray
executes a sinusoidal motion inside the lens by oscillating around the optical axis if the
lens is long enough. Depending on its length the lens can be focusing or defocusing. If
the length of the lens is only a fraction of one period 2π/ω and has comparable size to the
focal length, the lens is focusing but the thin lens approximation is no longer valid. In this
case, the focal properties of the thick lens can be described by two focal distances f1 and
f2, measured from corresponding principal planes H1 and H2 [Hec87]. The secondary focal





























From symmetry considerations it follows that f1 = −f2 and H1 = −H2. In the following,
the focal distance of a thick lens will be referred to as f = f2. The shortest focal distance
that can be achieved with a refractive lens is fmin = 1/ω, formed at the exit of a lens of the
length L = π/2ω. For longer lenses the beam is widened inside the lens again. With the
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lowest order in ωL for the Taylor series of the sine function sin(x) = x− 1
3!
x3 +− . . . the
equations 4.27 and 4.28 bring the same results as for the thin lens approximation. Then
the focal length is given by f2 = f0 and the principal plane lies at the center of the lens















The main result of the thick lens considerations made above is that the ray follows a
sinusoidal path through the lens. This leads to a change in focal distance and to the
shift in the principal plane as compared to that in the thin lens. As not all single lenses
are penetrated at the same position measured from the optical axis, the transmission and
aperture of the thick lens will also slightly deviate from that of the thin lens [Sch05,
SLB+01].
4.1.8 Transmission
The transmission T of a lens in the x-ray optic is an important measure. It gives the
fraction of the photons incident on the geometric aperture that is transmitted through the
lens. The transmission can be derived by integrating Lambert-Beer’s law about the shape








where d is the distance between the apices of two parabolic lens surfaces. The factor ap is
a sum of two terms, the first of which describes the attenuation inside the lenses and the









Here, k1 is the wave number of the incident radiation and σ the root mean square (rms)
of the roughness of the surface of a lens. It turns out that in the most experiments the
roughness of the lens surface can be disregarded compared to the attenuation effect inside
the lens [LST+99, SLB+01].
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Figure 4.8: The effective aperture Deff is connected to the numerical aperture (N.A.). The
numerical aperture of a lens is defined by N.A. = sinα, where α is the half opening angle.
4.1.9 Aperture
In the optic, the aperture is the opening hole of the optical system through which the
light passes. For visible light, the aperture of a glass lens is defined by the size of the lens
itself. This is valid as long as the absorption in the lens can be disregarded. However, as
was discussed in the previous chapter, the absorption of x-rays in matter can no longer be
neglected. The transmission of an x-ray lens decreases for rays as increasing the distances
away from the optical axis, because of the lens’s concave shape. The thickness of the
lens material through which the ray has to pass increases rapidly due to the parabola’s
very small radius of curvature. This limits the aperture of the lens and thus the effective
aperture Deff of a lens is smaller than the geometric aperture 2R0. For a thin lens, the






When ap (see equation 4.32) is small and the surface roughness can be disregarded, the






where µ is the linear absorption coefficient and R the radius of curvature.
The effective aperture Deff is directly connected to the numerical aperture N.A., which is
a dimensionless number. The larger the numerical aperture N.A. the better is the resolving
power of a lens. The numerical aperture N.A. defines a maximum effective angle α of a
ray that contributes to an image. Rays with larger angle would be absorbed by the lens
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Figure 4.9: The transversal and lateral size of the focused beam have the size Bt and Bl
at the distance L2 from the lens.
material. The numerical aperture is defined as the sine of that maximum angle (see Figure
4.8) and can be written as
N.A. = sinα ≈ Deff
2L2
(4.35)
4.1.10 Spot Size & Depth of Field
The lateral and transverse size of the microbeam is an important property in x-ray mi-
croscopy. The lateral beam size Bt (see Figure 4.9) gives the resolution of a scanning
microprobe setup (a discussion of why this is not necessarily valid for coherent applica-
tions occurs in chapter 8), because the scanning step size in the experiment has to be of
the same order as the lateral focal spot size Bt, in order to get proper information. Scan-
ning the sample horizontally and vertically through the beam the beam size Bht and B
v
t
determine the resolutions in horizontal and vertical directions, respectively.
The broadening and the size of the beam are dominated by two effects. There is the
finite image size Bgeo due to geometrical optics. Furthermore, the image of the source is
broadened by diffraction at the aperture of the lens which creates an Airy disc of lateral












= m dsource (4.38)
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where L1 is the distance from the source, dsource the source size and m is the magnification
or more precisely the demagnification.



































where µ is the linear absorption coefficient, k = 2π/λ is the wave number, 2R0 the ge-
ometrical aperture and ap takes account of the attenuation inside the lenses (defined in




















≈ 0.75 · λ
2N.A.
(4.45)
which is the FWHM of the disc describing the diffraction at the aperture of the lens.
With that, the total transverse focal spot size Bh,vt in horizontal and vertical direction
sizes generated by a refractive lens is given by
Bh,vt =
√




where dh,vsource is the size of the source in vertical of horizontal direction, respectively and m
is the demagnification (m = f/L1 − f with L1  f).
At the beamline ID13 of the ESRF, the horizontal and vertical effective source size is
approximately 150µm × 60µm (FWHM), respectively. This includes broadening effects of
the beam size by beamline components, e.g., monochromator, vacuum windows, et cetera.
At a distance L1 = 100m from the source (in the experimental hall EH3) and a focal length
of about f = 10mm, a spot size well below the 100nm range can be achieved.
The longitudinal size Bl also called the depth of field is defined as the distance along
the optical axis, with in which all objects are sharply imaged on the image plane at the
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Figure 4.10: Schematic sketch of a typical setup using nanofocusing x-ray lenses. The two
planar lenses are aligned perpendicular to each other. A pinhole is placed behind the lenses
to shadow the radiation from outside the aperture.
This is crucial for the maximum thickness of the sample. If the widening of the beam is
too big the resolution of a scanning setup will change along the optical axis across the
sample.
4.1.11 Nanofocusing Lenses
For microanalysis experiments with high spatial resolution, a small and intense microbeam
is required. To achieve the ultimate small spot size well below the sub-hundred nanometer
scale, a closer look to the limiting factors is useful. The focus size is determined by the
source size, the demagnification, the diffraction limit and the aberrations of the optic. To
simplify matters the aberrations should be disregarded here but will be discussed in detail
in chapter 7.
The source size is given by the performance of storage ring. The second limitation is the





where L1 is the distance between source and lens and f the focal length of the lens used.
Achieving a high demagnification the distance L1 has to be increased and the focal length f
has to be reduced. A small focal length f has the additional advantage of a large numerical
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aperture N.A.. As discussed in section 4.1.9 of this chapter the focal length is connected






It can be seen that a large numerical aperture N.A. and with that a high spatial resolution
requires a small focal length f . As shown in section 4.1.7 the minimal focal length of a








Here f0 is the focal distance of the thin lens approximation and l the overall length of the
lens (see Figure 4.10). From the formula 4.50, it follows that the obvious way to reduce the
focal distance f is to decrease the radius of curvature R and the thickness l of an individual
lens. Unfortunately, it is not easy to adapt the printing technique to the micrometer range
and thus to scale down the radius of curvature R of the common CRL much more. Due
to the design and manufacturing processes of Be- or Al-CRLs the radius of curvature of
these cannot be made smaller than 50µm and the overall length l of a CRL is limited to
approximately 1mm. Therefore, a different technique has been developed in order to reduce
the radius of curvature R and the thickness l of an individual lens furthermore.
For generating an x-ray microbeam, a rotational symmetry lens shape is not necessarily
required. To generate a point focus, one can also use two crossed planar lenses in vertical
and horizontal direction separately (following the scheme seen in Fig. 4.10) to focus the
beam in both directions. This also opens the opportunity to use different lens parameters in
horizontal and vertical directions. This is favorable because the source of a third generation
synchrotron usually has an elliptical shape. Using two NFLs it is possible to obtain a nearly
circularly shaped focal spot by demagnifying the source differently in the horizontal and
the vertical direction.
Note that the optical properties of the NFLs are similar to those of the CRLs but the
calculation for horizontal and vertical direction have to be carried out separately.
In order to decrease the radius of curvature R to the range of a few micrometer these
planar lenses were made by lithography techniques. Subsequently the lenses were etched
into the material by deep trench plasma etching processes (for detailed discussion of the
manufacturing process of Si-NFLs please refer to chapter 6).
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4.2 Other Optics
The great demand for smaller and smaller spot sizes in order to obtain higher spatial
resolution led to the development of different x-ray optics. Besides the refractive x-ray
optics, today there exists a multitude of other x-ray optics like curved mirrors, multilayers,
Fresnel zone plates, capillaries and waveguides. The large number of different approaches
to focus x-ray beams also shows the complexity of generating x-ray nano beams. Most of
the following optics are able to generate spot sizes down to 50nm or even less. There is
no ideal optic and each has advantages and disadvantages. The choice of optics depends
on the special needs of the given experiment. A brief presentation of the most common
optical devices used at synchrotron radiation facilities is given in the following.
4.2.1 Curved Mirrors
A very popular focusing x-ray element is a mirror. The x-ray mirror is based on external
total reflection. The surfaces are often coated with heavy metals like gold or platinum
in order to obtain a large electron density and with that a large critical angle for total
reflection (see chapter 3, equation 3.8). The relatively large critical angle reduces the
required length of the mirror.
A focusing mirror has to be bent to obtain a curved surface. An ellipsoidal mirror fo-
cuses a point source in one focal point into the second focal point. Common mirrors have
toroid shapes with focal lengths in the meter range. Significant progress in form fidelity
and surface finishing made them very common optical elements for x-rays. In the crossed
geometry, so-called Kirkpatrick-Baez-geometry (KB) [KB48, MCM+07], a pair of two mir-
rors focuses in the horizontal and vertical direction. This design is often used in current
x-ray microscopes installed at modern storage rings. Furthermore, flat mirrors are used as
low bandpass filters for eliminating higher harmonics in the x-ray beam monochromatized
by Bragg reflection. This relies on the fact that the critical angle of total reflection is lower
for higher order Bragg peaks.
Mirrors are much more sensitive to shape and surface-quality than refractive lenses. To
achieve adequate optical properties, the roughness of the mirror’s surface has to be very
small. The quality of x-ray mirrors has benefited from the developments and improvements
in thin film technologies.
To increase the overall reflectivity at higher angle, today multi-layered mirrors with
alternating layers of heavy and light elements are used. This also reduces the length and
hence the cost of the mirrors. A high reflection angle in this design enlarges the aperture
of the optical element several times.
Problems with using mirrors are the high stability requirements and that the optical
path is not straight. This makes the alignment very complicated.
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4.2.2 Fresnel Zone Plates
In addition to lenses and mirrors there are Fresnel zone plates (FZP). Fresnel zone plates
have been known for more than 100 years but in the beginning they did not enjoyed much
popularity in the x-ray regime. The reason for this was their low efficiency, their high
background, their chromatic aberrations and the difficulties in producing them. One of
the first Fresnel zone plates (FZP) using the x-ray regime was developed in 1974 [Kir73].
Today Fresnel zone plates are the highest resolution focusing optics in the soft x-ray regime
with spatial resolution better than 15nm [CHL+05, YMM+07, CYC+08].
The FZP do not use refraction but rather diffraction. The FZP is built up by a periodical
structure of opaque (or phase shifting) and transparent circular zones, where the period of
the structure decreases with increasing radius. These circular opaque or transparent zones
are the even or odd Fresnel zones. Destructively interfering amplitudes are absorbed in






where rn the radius of the n’th Fresnel zone and λ is the wavelength. With higher energies,
the absorbing zones, which block the part of the beam that would destructively interfere,
must become extremely thick.
The maximal spatial resolution of the FZP is given by the width of the outermost zone.
Therefore, the performance of an FZP is limited by the manufacturing process that need
to produce zones with a high aspect ratio.
Although FZPs in visible light optics have little practicality, they have become a very
successful and important tool for microanalysis and full-field microscopy in the soft x-ray
regime with spatial resolutions down to few nanometers. The applications of FZPs in
the energy range above E = 15keV is difficult as it is very tough to design them for the
hard x-ray regime [LYL+92, Kir74] because the transparency increases with higher photon
energies.
4.2.3 Capillaries
Another method to generate small x-ray beams is to use capillaries. Capillaries are hollow
glass fibers which guide the x-rays by total reflection. A typical glass fiber has an opening
of 50µm which decreases along its length to an exit opening of 1 − 0.1µm. The entering
rays are transmitted by total reflecting off the inner wall as they travel down the bore of
the capillary.
As long as the incident angle between the x-rays and the inner capillary wall stay below
the critical angle for total external reflection, the x-rays will emerge from the smaller
end of the tube. The critical angle for total external reflection of x-rays depends on the
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density ρ of the reflecting material and the wavelength λ of the x-rays (equation 3.8 in
chapter 3).
Even more intense microbeams were realized with poly-capillaries containing hundreds
of individual fibers. They are often used with x-ray tubes. For high energy (60keV) lead
glass capillaries have been used since they have a larger angle of total reflection. Spot sizes
down to 100nm can be achieved if the diameter of the capillary is small [HTB94].
However, this optic is not suitable for imaging and makes micro diffraction experiments
difficult because of their high beam divergence at the exit of the capillary.
4.2.4 Waveguides
The physical processes of waveguides are similar to those of a capillary. A waveguide is a
linear structure which guides electromagnetic waves of the desired wavelength. X-rays can
be guided through small channels of low electron density material embedded in a cladding
material with higher electron density. X-ray waveguides have typical diameters in the
range of 5 < d < 100nm and since the cladding material exhibits much stronger absorption
than the guiding core, the waveguides can be used to deliver sub-micron sized x-ray beams
down to 30nm or even below [JFO+05].
Besides the small spot sizes these nanobeams are characterized by their well-defined field
distribution and their coherent properties. An additional advantage is the exponentially
decaying of the beam tails. Thus a waveguide acts as a spatial and coherence filter for
the incoming radiation and is well-suited for coherent applications. The achievable spot
size is in the range of a few 10nm and thus comparable to focal spot sizes obtained by
state-of-the-art x-ray focusing optics [OS09, PDB+02, SKFB08, JFO+05, JCD+01].
Chapter 5
Methods of Microfabrication
This chapter deals with the common microfabrication and micromachining techniques.
These methods are essential for the manufacturing process of nanofocusing x-ray lenses
(NFLs) made of either silicon or diamond. The main manufacturing steps of NFLs are
lithography and deep reactive ion etching. To understand each manufacturing step as
well as the total process the following chapter gives a brief overview of these technologies.
This includes common techniques like electron beam evaporation, different lithography
methods and multiple etching processes. Planar NFLs consist of a stack of parabolic holes
etched into the lens material. To achieve ultimate small spot sizes close to the theoretical
performance, the parabolic holes have to be made with high accuracy, straight vertical
sidewalls and structure depths of more than 50µm into the lens material.
The accuracy of the parabolic shapes is one of the key points. Displacements of only
few tens of nanometers in the shapes already, increase the spot sizes (see chapter 7). To
understand these aberrations and shape shifts, this chapter describes the manufacturing
techniques.
5.1 Electron Beam Evaporation
The deposition of thin-film layers on different substrates is an essential step in many fields
of modern technology. Its applications range from micro- and nanotechnology to optical
coatings on architectural structures. Considering the broad spectrum of application there
cannot be one perfect method for all fields. One common technology in manufacturing
thin layers of metals is electron beam evaporation (also know as e-beam evaporation). The
e-beam evaporation is a deposition process to release a material from a source and transfer
that material to a substrate, forming a thin film. While small evaporation systems are used
more in scientific applications, e-beam evaporation is also used on a large industrial scale
with continuous process flow. Typical materials deposited by electron beam evaporation
are metals like aluminum, chromium, gold, titanium and compositions of them.
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Figure 5.1: Schematic view and photograph of a typical electron beam evaporation system.
This device was built and is installed at the Institute of Structural Physics (ISP) at the
TU Dresden.
The evaporation process itself is relatively simple. The process takes place inside a
vacuum chamber. Inside the process chamber, electrons are emitted by a heated cathode
and accelerated by a high voltage field (typically around 10kV) towards the target. The
emitted electrons are bent on a circular path by a magnetic field and hit a block of the
source-material (target) that is to be deposited. As the electrons hit the target they
decelerate and lose their kinetic energy. This energy loss is converted into thermal power.
The enormous heat melts and vaporizes the desired material. Due to the high intensity
of the heat, the crucible holder has to be water-cooled to prevent it from melting. If the
metal is continuously evaporated, a direct stream of metal vapor from the crucible to the
sample is formed. When vapor condenses on the sample surface, a thin film is created (see
Figure 5.1).
Thus the three main steps of electron beam evaporation process are the following: Evap-
oration, transport and condensation. A typical electron evaporation system is shown in
Figure 5.1.
5.2 Lithography
The word “lithography” has its roots in the Greek words lithos which means stone and
graphein which means writing. Thus lithography is a printing method by using stone-
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plates with a smooth surface. Modern lithography techniques are the common technology
for micro manufacturing in industry and science.
Today, lithography no longer uses stone plates but the basic principles are similar. The
lithography processes used in micromachining and microfabrication are based on selectively
removing parts of a thin resist layer. They transfer a pattern from a mask to a sensitive
resist on the substrate by illuminating and shadowing the sample. There are different types
of lights for illumination of the resist layers. Today there exist a variety of lithography
techniques using visible light, conventional or extreme ultraviolet light (UV, EUV), x-rays,
ions or electrons for exposure.
In this work, the two common and most important lithography methods are used: the
optical- (using ultraviolet light) and the electron beam-lithography (using electrons).
5.2.1 Optical Lithography
Optical lithography is also called photolithography and used in the beginning visible light
sources. The light used is emitted from gas-discharge lamps using mercury (Hg), some-
times in combination with noble gases, e.g., xenon (Xe). These lamps produce a light
spectrum with strong peaks in the ultraviolet regime. By using filters for the selection sin-
gle spectral wavelengths for example λ=436nm (g-line) or λ=365nm (i-line) are accessible.
In the meantime, several investigations were conducted for moving to extreme ultraviolet
light (EUV), e.g., λ =13.4nm, produced by excimer lasers, in order to create smaller fea-
ture sizes (for further information to the minimum feature size which can be achieved see
below).
Typical sources used for lithography emit light with wavelengths well below λ=300nm.
Krypton fluoride lasers produce spectral lines with a wavelength of λ=248nm, and argon
fluoride lasers a wavelength of λ=193nm. These wavelengths are nowadays typically used
in the semiconductor and micro-fabrication industry.
Optical lithography is a very fast method for patterning wafers or samples. Because of
its high speed, it is also a cost-effective method. It is possible to expose a full 300mm wafer
in less than 10 seconds. This allows a throughput of about 100 wafers in one hour.
Photolithography systems typically use a mask, which is imaged onto the resist. In
general, there are three different operating modes. The first one is the so-called contact
mode, where the mask lies directly on the resist. This bears the risk of contamination or
damage to the mask or sample. One important parameter for characterizing a lithography
method is the minimum feature size (MFS) which can be achieved. The MFS for the
contact mode is approximately given by
MFS =
√
d · λ, (5.1)
where λ is the wavelength and d the thickness of the resist layer.
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To avoid contamination and damaging problems mentioned above, a small gap is often
left between the mask and the resist. This second mode is the so-called proximity mode.
However, the resolution is worse than that of the contact mode, given by
MFS =
√
(d + g) · λ, (5.2)
with g being the size of the gap between the mask and the resist layer.
The third operation mode is the so-called projection mode. In this method, an optic
system is used to image the mask onto the resist layer. Since the shadow of the mask is
no longer directly transferred to the resist, this method has a higher resolution compared
to the contact- and the proximity-lithography. This method can also create a reduced
image of the mask onto the wafer by using a lens system. By using a demagnified image,
the structures on the mask are allowed to be bigger than the features of the sample. In
this mode, a wafer is typically not exposed in one single exposure step. The illumination
uses a so-called stepper system which moves the wafer underneath the mask for successive
exposure.
The minimum feature size in this case follows from the Rayleigh criterium which consid-
ers two object points as distinguishable, if the central maximum of the diffraction pattern
of one image is outside the first minimum of the other diffraction pattern. This can be
written as
MFS = k · λ
N.A.
, (5.3)
where λ is the wavelength, N.A. the numerical aperture of the optical system and k a
constant. The constant k takes into account not only the optical imaging system but also
the behavior of the resist. With the projection mode of optical lithography, feature sizes
down to 30nm can be achieved with high reproducibility.
In all three methods, it seems that the MFS can easily be reduced by using shorter
wavelengths, but changing wavelength is not that simple. By using a shorter wavelength,
the interaction with the optics, resist and the whole environment has to be considered. For
example, at wavelengths around λ=193nm air begins significantly to absorb and moving
to shorter wavelengths would require the installation of vacuum systems and the change
of all lithography elements to that wavelength.
The projection lithography mode has been used in this work and plays a major role in
the improvement of the NFL manufacturing process.
5.2.2 Electron Beam Lithography
The electron beam lithography (also abbreviated as e-beam lithography or EBL) is a tech-
nology used in industry and science to create very fine structures down to the nanometer
scale into layers of resist. A collimated beam of electrons is scanned across a surface of a
sample which is coated with a resist film. This layer is sensitive to the energy deposition
of the impinging electrons. Subsequent to the illumination of the sample, the structures
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Figure 5.2: Photograph and schematic view of a typical scanning electron microscope.
The whole system has to be under vacuum and isolated from vibration. This device is
installed at the Institute of Structural Physics (ISP) at the TU Dresden.
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are developed in a wet chemical process. During that development process the illuminated
parts of the pattern are either removed (positive resist) or all non-exposed parts of the
layer are lifted off (negative resist). A typical electron beam resist is based on polymethyl-
methacrylate (PMMA).
One of the advantages of EBL compared to optical lithography is that the illumination
is independent of a mask. Therefore, with this mask-less form of lithography, almost
any pattern can be created relatively easily. The mask (the structures to be illuminated)
is stored as a digital list consisting of basis structures, positions, references and other
coordinates and parameters. This is a great advantage for prototyping, in particular for
manufacturing NFLs made of new lens materials or test structures where the design is
continuously changed. A disadvantage however, is that, compared to optical lithography,
the illumination speed of EBL is very slow. Every single structure has to be exposed in a
serial way. The optical lithography on the other hand creates thousands of structures in
“one single shot”.
A typical design of an electron beam lithography system is shown in Figure 5.2, which
is in principle the same setup as that of a scanning electron microscope. The difference is
the control system for navigating the electron beam for patterning the sample. This setup
is used for generation, focusing, targeting and detection of electrons. The electrons are
emitted by heating a filament. The important parameters of the gun for EBL are the small
virtual source size, the brightness, and the energy of the emitted electrons. To generate
a small electron beam, which is necessary for creating structures in the sub-micrometer
range, the electrons have to be focused by magnetic lenses. The focused beam is scanned
across the surface of the sample either by deflection magnets or by electrostatic fields
of condensers. While magnets introduce less distortions, electrostatic deflection achieves
much higher scanning speeds. The minimal feature size that can be created with EBL is
limited by many factors, e.g., type of resist, resist thickness, acceleration voltage, spot size
and also, not to be neglected, the experience of the operator. Typically, in state-of-the-art
EBL systems, structure sizes of few nanometers can be created.
One physical limitation of a minimal feature size is the electron-solid interaction that
occurs when the electrons hit the surface of the sample. When electrons collide with
the resist, many scattering events take place, which broaden the initial beam diameter.
Electrons even penetrate through the resist into the substrate where additional scattering
events occurs. Therefore, the effective electron dose depends on the scattering from nearby
illuminated structures. Features that border on many other structures receive higher doses
than features without neighbors. This effect is known as the proximity effect. As the
amount of scattering depend on the energy of the electrons, the proximity effect is also
energy dependent. To maintain tight feature size control, the proximity effect has to be
corrected. Different methods have been developed, ranging from simply adjusting going to
sophisticated dose modulations and mask adaptation techniques.
Today, there are a large number of commercial companies and EBL systems available.
Modifications range from scanning electron microscopes with integrated EBL systems to
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Figure 5.3: The different etching processes are show here. a) shows an isotropic and b) an
anisotropic process.
dedicated EBL systems which are mainly used in industry. One of the two EBL systems
used in this work is a JEOL, JSM 6400 scanning electron microscope with a EBL control
system from Raith ELPHY, Dortmund, Germany (see Figure 5.2). The second one is a
Leica EBPG-SHR at the Foschungszentrum Jülich, Germany designed for high resolution
manufacturing.
5.3 Methods of Etching
During the manufacturing process of NFLs made of silicon and diamond, different layers,
e.g., chromium (Cr) or silicon-dioxide (SiO2), have to be structured by etching processes.
These layers are used for masking the underlying material, respectively. The parts of the
layer that are not supposed to be etched are protected by photoresist or other materials,
so-called masks.
Etching processes can be isotropic, i.e., uniformly distributed in all directions (see Figure
5.3 (a)), or anisotropic, i.e., the process prefers one direction (see Figure 5.3 (b)). In most
applications for structuring mask layers, an anisotropic etching process is preferred.
One of the characteristic parameters for every etching process is the selectivity S of two





where rmaterial is the etch rate of the material and rmask the etch rate of the mask material.
A high selectivity avoids the corrosion of the mask and surface of the material to be etched
and is often favored.
5.3.1 Wet Etching
For the sake of completeness, the wet chemical etching process is briefly described. Wet
etching is a process using acids, bases or other chemicals to dissolve unwanted materials,
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e.g., metals, semiconductor materials or glasses. This process plays an important role in
the semiconductor and microfabrication industry for patterning substrates. In general, the
wet chemical process includes the following two steps:
1. The solid material is oxidized by a liquid etch solution.
2. The oxide is transferred into the etch solution.
For this, the binding energies between the atoms of the solid material have to be overcome.
The products of the dissolved oxide are transported away from the surface into the etch
solution by diffusion and convection. Compared to the dry etching method (see below),
wet chemical etching is often characterized by its high selectivity. The etch rate can be
controlled by the composition of the components in the etch solution.
The temperature and the viscosity of the liquid also have significant influence on the
process and can be used to control the etch rate. Wet etching processes are normally
isotropic. An additional disadvantage is the possible concentration change of the etch
solution during the etch process. The large consumption of chemicals and the handling of
toxic waste are further disadvantages.
In this work, wet etching is used to structure the chromium mask which is required
for the reactive ion etching of silicon dioxide. As the mask is thin enough (.100nm) the
isotropic character of the wet etching process is not problematic. However, for deep trench
etching of silicon (structure depths <50µm), wet chemistry is not feasible.
5.3.2 Dry Etching
Today dry etching methods play a key role in micro-machining technologies. Although the
particle density and concentration is much less in the gas phase than in the liquid phase,
the dry etching methods have many advantages compared to the wet chemical processes.
One of the main advantages is the closer control of the process parameters and thus the
better reproducibility of etching results. Furthermore, it is easier to achieve anisotropic
etch conditions. In particular the last point makes dry etching methods so important for
the lens production as described in this work.
In general there are two dry etching methods: plasma etching and ion etching. Plasma
etching is strictly a chemical process that uses free radicals, formed in the plasma. The
radicals chemically react with the material to be etched and form volatile compounds,
which can be swept away by the gas flow. The reactive species are transported to the
substrate either by diffusion or by convection. Because of its chemical character plasma
etching is a isotopic etching process.
The ion etching process is strictly a physical process, using a ion sputtering effect. Inside
a reaction chamber noble gases, e.g., argon (Ar) are ionized and accelerated towards the
sample by a electrostatic field. The ions hit into the sample’s surface and strike atoms of the
material to be etched. The etching process by ion bombardment has a highly anisotropic
character.
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A combination of both methods is the so-called reactive ion etching (RIE) process. The
reactive ion etching process (RIE) uses highly reactive plasmas. Plasmas are ionized gases
containing ions, free electrons and free radicals. These plasmas are characterized by their
relatively low temperatures (50 - 250◦C), low pressures (13 - 400Pa) and by gas flow rates
of 50 - 500cm3/min. These conditions are typically achieved by exciting the plasma with
radio frequency (RF) power, usually with a frequency of 13.56MHz. The RF-power is
coupled inductively or capacitively into a continuously evacuated reaction chamber. Inside
the reactor the appropriate etch gases are combined through needle valves. A static high
voltage field can additionally be switched on.
In the RIE-process the cations (produced from the reactive gas) are accelerated in a high
voltage field towards the etching target. Using an adequate etching gas, the advantages
of plasma etching (high selectivity) and of sputter-etching (anisotropic removal) can be
combined.
The control of the etch rate of each dry etching process is highly complicated. It depends
on the etch gas composition, on the rate of generation of etching radicals, on the rate of their
arrival at the sample surface, on the material being etched and on the temperature. The
size and spacing of the work piece and the rate of volatilization and removal of the reaction
products also have to be considered. It is difficult to generalize the absolute etch rates
because of the numerous variables involved. However, by controlling these parameters, the
etch rates and etch results are reproducible.
A typical plasma etching system is shown in Figure 5.4. Such an etching apparatus
can be volume or surface loading. In each type an appropriate etch gas is blended in the
vacuum chamber and the gas flow rate is controlled by a needle valve. The pressure is set
by throttling the mechanical vacuum pump. Pressures of 13Pa to 400Pa and flow rates of
50cm3/min to 500cm3/min are typical. The radio frequency power (RF) is coupled into the
reactor via an impedance matching network, a commercial unit generally having automatic
impedance matching. A RF-power of 50W to 600W is typical. Accurate measurement of
forward and reflected power, etch gas flow rate, and reactor pressure is essential to control
the etch conditions. Mass flow meters (MFS) and capacitance bridge manometers are
preferable for measuring the etch gas flow rates and pressure during the process. For this
work a surface loading system (see Figure 5.4) is used, in which the wafer sits on a platform
that forms one side of a capacitor across which the RF power is applied. The plasma is
confined between the capacitor plates. The etch gas flow is set up to sweep radially across
the plates and with suitable combination of RF powered etch gases, flow rate, and reactor
pressure, the etch rate can be controlled. The temperature of the upper and lower capacitor
plates can be controlled simultaneously by using a temperature-controlled recirculating
fluid. The etch rates are reproducible from run to run [Pou77].
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Figure 5.4: Schematic setup of the advanced silicon etch system of Surface Technology
System Limited (STS), Newport, UK.
5.3.3 Deep-Trench Etching
There are many uses for deep trench etching. Especially the nanofocusing refractive lenses
(NFLs) require a production process that create structures with high aspect ratios. The
aspect ratio is defined as the ratio of the depth of the feature to the lateral feature size.
High aspect ratio etching with an etch depth of more than 30µm is a big challenge. Large
etch depths often mean long processing times and difficulties with stable etch conditions
during the whole process. Some typical effects and problems that may occur when dealing
with high aspect ratios and deep trenches are discussed in the following section.
One common problem is the mask undercutting and bottling (see Figure 5.5 (a)), which
occurs due to off-normal ions colliding with the sidewalls of the trenches instead of the
bottom. This leads to an etching component in the horizontal direction. If the etching
process is caused by neutral species, the undercutting effect can also be caused by the
isotopy of the etching process. Bottling is mainly observed at higher pressures, as the
energy of the bombarding ions decreases with increasing pressure due to a reduced mean
free path.
Another critical point is the spicular remains of the etched material (see Figure 5.5 (b)).
The so-called RIE grass or micrograss is often the undesirable side effect of deep trench
etching. In general, it is caused by small particles that have been deposited on the surface
of the etched material. If they are not dissolved by the reactive species, they act as a
micromask by covering the material below. Thus, needles or grass can occur as shown
in Figure 5.5 (b). This effect becomes more important with increasing of the structure’s
depth. It can become so serious that the whole etching process is stopped.
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An attack of the mask borders by the reactive species is called mask erosion (see Figure
5.5 (c)). If the mask is not etched uniformly, the edges of the mask become rough. This can
cause a tremendous roughness of the sidewalls which should be avoided. Mask erosion and
sidewall roughness can be limited by decreasing the self-bias. However, if a high self-bias
is required to ensure anisotropic etching, changes of the gas mixture or the mask material
have to be considered.
The etch rate depends strongly on the lateral dimension of the etched patterns. This
effect, called RIE lag, refers to the fact that laterally smaller trenches are often etched
slower (positive lag) than wider trenches (see Figure 5.5 (d)). The decrease in the etch
rate with growing aspect ratio results mainly from the reduced transport of etching species
and reaction products in small patterns caused by scattering and collisions with other
particles. The less common opposite effect is called negative lag. The RIE lag is critical
when structures with varying feature size are produced. The RIE lag should also be
considered when a process that has originally been developed to manufacture a specific
structure is adapted to a structure with a different characteristic feature size. The RIE lag
can be reduced by low process gas pressure, low bias voltage and high plasma density to
minimize the number of collisions [BA95].
Many of the problems mentioned above can be overcome by a precise adjustment of the
etching parameter, e.g., self-bias, pressure and temperature. Especially problems related
to isotropic etching can be solved by sidewall passivation. In passivation the sample is
coated with a thin layer to prevent the sidewall from further etching. Sophisticated side-
wall passivation processes have been developed for silicon etching. The Bosch process is
based on a variation of passivation and etching steps. During the passivation step poly-
mers are deposited on the sidewalls to prevent them from etching. The thickness of the
passivation layer can be controlled by changing the gas mixture, pressure and RF-power.
The passivation layer is used to determine the etch profile (for detailed discussion on silicon
passivation please refer to chapter 6).
However, for most materials, e.g., diamond or boron neither the deep trench etching
processes nor sidewall passivation processes are currently known.
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(a) bottling (b) RIE grass
(c) mask erosion (d) positve RIE lag
Figure 5.5: Critical points and effects that can occur during the deep etching process for
NFLs. (a) bottling, (b) RIE-grass, (c) mask erosion, (d) RIE-lag.
Chapter 6
The Manufacturing Process of NFLs
Made of Silicon
In this chapter the development of the manufacturing process of silicon NFLs is described.
The technologies used were introduced in chapter 5. To produce these lenses, a stack of
parabolic holes have to be transferred into a standard 4-inch silicon wafer. This requires
high accuracy, straight vertical sidewalls and a structure-depth of more than 50µm to
achieve the theoretical performance of the lenses.
This manufacturing process is an improvement over previous NFL production cycles.
This chapter will start with a description of the latter cycles which are based on e-
beam lithography and different etching steps. Since this is relatively complicated, time-
consuming and expensive, a new manufacturing process has to be developed. The present
manufacturing process is developed from the previous one by improving or eliminating
individual steps. The final results are described in last section of this chapter.
6.1 Silicon as Lens Material
Considering the interaction of x-rays with matter (chapter 3) an appropriate material for
nanofocusing refractive lenses is chosen. The discussion about an adequate lens material
in chapter 4 showed that a well-suited lens material has a low Z-value (weak absorption)
and a high density (strong refraction). Still many x-ray lenses are made of silicon (Si),
which has a relatively high atomic number Z of 14 and low density of 2.33g/cm3. However,
absorption and density are just two parameters in a long list of properties important for
the choice of the lens material. For example, the availability, the quality and the processing
ability of the base material have to be considered.
The great demand of silicon in the semiconductor industry leads to improved fabrication
processes which make it to one of the purest commercially available materials. Its handling
and processing was developed and improved by the semiconductor industry. It is also
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Figure 6.1: A standard 4-inch silicon wafer. One wafer holds 42 blocks of lenses with more
than 100000 single structures of lenses and alignment structures.
cheaper and thus cost-efficient. So far silicon is not the ideal but still the best lens material
available. Additionally, if the photon energy rises above 25keV the absorption decreases
and therefore the optical disadvantages of silicon become less significant.
6.2 The Electron-Beam Manufacturing Process
The previous manufacturing cycle of silicon NFLs is based on electron-beam lithography
and deep reactive ion etching [KLS+07]. The lenses were made by 4-inch silicon wafer
technology. One wafer holds 35 blocks of lenses (see Figure 6.1) with more than 100,000
single lens-structures and alignment bars. The different blocks have a variable number N
of 35, 50, 71, 100 or 142 single lenses in a row. Each block of lenses holds 21 lenses with
different radii of curvature R between 1µm and 5µm in steps of 0.2µm (see Figure 6.1).
Depending on the photon energy used (ranging from 10keV to 30keV), the correct lens
parameters in R and N can be selected. For shape displacements each block is corrected
six times in steps of 50nm. The correction serves to compensate the undercutting effect of
the plasma etching process. An individual bar-code is structured into the wafer between
the lenses to ease the process of alignment in the x-ray beam.
The manufacturing process starts with a 4-inch standard silicon wafer (100mm diameter).
The thickness of the silicon disc is about 545µm. The wafer is wet oxidized to coat it with
silicon dioxide (SiO2). The oxidizing process is carried out at a temperature of 1050
◦C.
The total thickness of the SiO2-layer is about 300nm. Afterwards the wafer is coated with
a 30nm thick chromium (Cr) layer on top of the SiO2 by electron beam evaporation. The
SiO2- and the Cr-layer serve as hard masks for later etching processes to transfer the lens
structures into the bulk material. Subsequently the wafer is spin-coated with a positive
e-beam resist (polymethylmethacrylate, PMMA 600K). The resist layer is double-coated
to achieve a layer thickness of 300nm. The coating is done in a resist spin coater with a
spin speed of 6000rpm (rotations per minute) for 30 seconds. After spin-coating, the wafer
is baked on a hot plate at a temperature of 125◦ for 5 minutes.
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The resist layer on top of the wafer prepared in this way is structured by electron beam
lithography on a LEICA EBPG5HR device. The acceleration voltage of the electrons is
50kV. Regions which need a high accuracy were written with a beam size of 40nm2 and
an exposure dose of 310µC/cm2 while other regions were written with bigger spot sizes
of 350nm2 and exposure doses of 200µC/cm2 in order to reduce the exposure time. The
illuminated structures are developed in a fast developer (AR 600-55) in 45 seconds. The
developing process is stopped by means of a propanol bath.
For structuring the underlying chromium layer the wafer is wet-etched at room tem-
perature for 25s, yielding a etch rate of 75nm/min. The etch solution is a mixture of
amoniumcerum-IV nitrate and perchloric acid (chromium etch solution CR-3144). The
end point is detected visually by a change in color of the surface from metallic chromium
to purple silicon dioxide. To stop the etching process the wafer is transferred into distilled
water at room temperature. Then the resist layer is removed by acetone in an ultrasonic
bath. To remove any remnants of the resist layer the wafer is put into an O2-plasma.
The structured chromium serves as a hard mask for the silicon dioxide which is etched
by a dry reactive ion etching (standard) process in a Plasmalab System 100 ICP180 from
Oxford Instruments, Oxfordshire, United Kingdom. This process is optimized so that the
silicon dioxide receives a high anisotropic etch process. The process works at a pressure
of 0.43Pa and a inductively coupled plasma (ICP) power of 1300W. The gas mixture
is a composition of 15SCCM (standard cubic centimeter per minute) trifluoromethane
(CHF3) and 18SCCM tetraflourmethane (CF4). The etching time is 6 minutes with an
etch rate of 50nm/min. In the final step the structures are transferred into the silicon bulk
material by deep reactive ion etching. Deep silicon etching is performed at a Multiplex
ICP standard etch tool from Surface Technology Instruments, Newport, United Kingdom.
Process parameters were 6s etch phase duration, 130SCCM SF6, 2.4Pa pressure, 600W
ICP power, and 12W platen power and 6s deposition phase, 120SCCM C4F8, 1.9Pa, 600W
ICP power, and no platen power. With a total process time of about 30min a lens depth
of 62µm is achieved [KLS+07]. The deep silicon etching process is known as the Bosch
process.
The total manufacturing process based on e-beam lithography is schematically outlined
in Figure 6.2.
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Step 1) Preparation Step 2) E-beam lithography
Step 3) After chromium etching Step 4) Resist has been removed
Step 5) After SiO2 dry etching Step 6) Chromium has been removed
Step 7) After Si reactive ion etching Step 8) After the complete process
Figure 6.2: Work flow of the manufacturing process of silicon lenses based on e-beam
lithography.
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6.3 Comments on the Electron-Beam Manufacturing
Processes
When looking at the results of previously published papers [KLS+07, SBF+08] one might
argue that the manufacturing process had been fully developed and established, which
is misleading. As always when trying to produce a high-end product, expensive high-
end technologies are required. The limited access to manufacturing technologies is one of
the main problems. Therefore we cooperated as much as possible with other institutions
in order to use state-of-the-art technology. The e-beam lithography was done by our
collaborators, in the Forschungszentrum Jülich, Jülich, Germany and the dry reactive ion
etching was done by IZM, Fraunhofer Insitut, Chemnitz, Germany. Therefore, we had
excellent experience on our side, but the access was still difficult and process time was
extremely limited. This kind of manufacturing process was also very expensive. Due to
this fact the number of silicon wafers and thus the number of suitable lenses was rare. The
small wafer number prevented expended studies on reducing shape shifts, roughness of the
lens sidewalls.
With the employment of Prof. Dr. C. G. Schroer as a professor at the Technische
Universität Dresden (TUD), Germany, the idea of consolidating the manufacturing locally
in Dresden has outstanding advantages due to the proximity to the semi-conductor industry
in the city.
Based on the idea of concentrating the core competences in Dresden and the desire to
overcome the problems of previous manufacturing processes, a new manufacturing cycle
for silicon NFLs is designed. The ambitious goal of the new process is the production of
silicon NFL lenses with high quality and quantity (high piece number). Especially the high
quality relates to the parabolic cylinder shapes, e.g., form fidelity, steepness and roughness
of the lenses sidewalls. The key step in achieving this is changing from electron beam
lithography to optical lithography for the illumination of the silicon discs.
This is a very important point for improving the fabrication process. The e-beam litho-
graphy (EBL) step was a crucial point because of the very close control of the exposure
parameters, e.g., beam current, exposure time and exposure dose. Depending on the serial
character of EBL and on the structure density, a suitable illumination takes several hours up
to several days. The very time-consuming illumination limits the number of suitable wafers
for processing. Furthermore, production in such a way is expensive, not just because of the
long exposure times but also because of logistic complexities such as business travels.
Therefore, the change to optical lithography allows for dramatic reduction of exposure
time and several wafers can be illuminated with high reproducible quality in a much shorter
time. On the other hand, a higher number of wafers and lenses allows us to experiment
with the subsequent process parameters, e.g., deep reactive ion etching. The change to
optical lithography provides the solution which is necessary to achieve the best optical
performance of the lenses.
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6.4 Development of the New Manufacturing Process
Based on Optical Lithography
6.4.1 Optical Lithography
The radius of curvature, R, of the nanofocusing lenses (NFLs) lies in the range of a few mi-
crometers and needs to be reproducible on the nanometer scale. Therefore, the illumination
of the lithography has to be carefully chosen. It is obvious that standard optical contact
lithography is not useful (see the parameter minimum feature size (MFS) described in
chapter 5). To get the best performance with optical lithography a state-of-the-art stepper
system is required.
For this reason, the optical lithography is commercially done by the company SAW
COMPONENTS GmbH, Dresden, Germany (www.sawcomponents.de). The typical pro-
cedure used by this company to structure wafers is shown in Figure 6.3 (a). After the
wafer is delivered to the company, it is cleaned by a standard wafer cleaning process. The
cleaning of the wafer serves to remove any unwanted contamination of the wafer surface.
The wafer is spin-coated with a positive photo resist AZ MIR701 in a Gamma60 spin
coating system built by BLE.
Then, the wafer is baked on a hot plate at a temperature of 95◦C. The thickness of the
photo resist layer is 1045nm. Afterwards the coated wafer is structured by optical lithogra-
phy on a i-line-stepper PAS5500/250C system from ASML, Veldhoven, Netherlands. This
system allows the illumination of structures down to 0.28µm and a reproducibility with a
margin of error of a few nanometers. This system uses the newest lithography technology,
e.g., lens adjustment, image quality control and conventional or off-axis illumination. The
maximum field size is 22×27.4mm2.
The illumination uses a five-to-one mapping with a wavelength of λ = 365nm. The
exposure dose is 200mJ/cm2. In our case, the exposed area has a size of approximately
21×26mm2. To ensure constant conditions in each position on the wafer during the silicon
etching process, the wafer is filled completely. The illuminated discs are then developed
with a tetramethylammoniumhydroxide (TMAH) developer OPD4562 in a Gamma60 sys-
tem from BLE. The structures are verified by optical microscopy. The steps from cleaning
over development to controlling of the structures are repeated until the results are satis-
factory.
Figure 6.3 (b) shows a side view of the developed resist. The edge is sharp in the range
of a few nanometers. The resist serves as a mask for deep silicon etching.
The photomask for the lithography used, is made by the Advanced Mask Technology
Center GmbH & Co. KG (AMTC), Dresden, Germany. AMTC is one of the world’s
leading centers for research and development of photomasks. The mask is made according
to a standard protocol by e-beam writing and dry etching. Previous studies had shown
that any given structure is widened during the manufacturing process. Thus every feature
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of the mask is corrected by 500nm in order to compensate the enlargement of the structures
during the process. The mask quality is controlled and certified by AMTC.
(a)
(b)
Figure 6.3: (a) Work flow of lithography as done by SAW Components GmbH, Dresden,
Germany. (b) Scanning electron micrograph: Side view of the resist sidewall. The resist
sits on top of the silicon substrate. The edge is sharp to the range of few nanometers.
6.4.2 The Advanced Silicon Etch, ASE™
The subsequent step after the lithography is deep reactive ion etching (RIE). While in
chapter 5 the common micro-manufacturing process are described, this section will give
a more detailed view on the advanced silicon etch (ASE™) process for deep etching of
silicon.
This etching step is performed in an Advanced Silicon Etch (ASE) system from Surface
Technology System (STS), Newport, United Kingdom. The equipment for the ASE™
process is installed in the Institut für Halbleiter und Mikrosysteme (IHM) of the Technische
Universität Dresden (TUD), Germany.
An inductively coupled plasma (ICP) reactor produces high plasma densities even at
low pressures. This device enables the patterning of silicon substrates efficiently with high
etch rates, good uniformity and excellent anisotropy. Microstructures with etch depths of
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Figure 6.4: Schematic setup of the Advance Silicon Etch system of Surface Technology
System (STS), Newport, UK
several 100µm can be achieved. The depth of the structure is of course dependent on the
thickness of the mask and the mask material itself.
A schematic sketch of the advanced silicon etch system setup is shown in Figure 6.4. This
tool has a high density inductively coupled plasma source working with a radio frequency
of f = 13.56MHz. The substrate electrode can be biased and a maximum supplied forward
power can be chosen between 30W - 300W. Substrates are mechanically clamped and
helium-cooled from the backside in order to control the temperature of the wafer during
the etching process. Gases or gas mixtures of N2, Ar, O2, SF6, CF4 with pressures of 2.5Pa
to 13Pa can be used in the system. The equipment allows also cyclic processes. Gases,
flow rates, pressures and supplied power at the coils and platen can be varied during an
alternating process.
To transfer the lens structure from the resist layer into the silicon wafer the ASE™ pro-
cess is used. This process is described in the following section. This advanced silicon etch
process (ASE™) was invented by Lärmer and Schilp [LSFO99]. Surface Technology Sys-
tems Ltd. Newport, United Kingdom, Plasmatherm Inc., Dublin, Ireland and ALCATEL
Comptech, Hingham, USA offer this process technology on their high density inductively
coupled plasma tools.
The sidewall protection used in the ASE™ process is performed by using alternating
etching and deposition steps. In this cyclic way the etching and deposition steps can be
balanced to provide accurate control of the anisotropy of the etching process.
During the deposition step, precursor gases are dissociated to a plasma containing ions
and radicals. They form a passivating layer which is deposited on the surface of the silicon
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Figure 6.5: A possible reaction scheme for building the passivation layer
as well as on the mask. This teflon-film passivation technique avoids recombination of the
substrate with active species in the gas phase.
The second step of the ASE™ process is the etch cycle. The gases are changed to allow
silicon etching. This etch step uses a SF6 based plasma. The separated fluorine radicals in
the plasma have to remove the passivation layer first, before the silicon etching can start.
Removing the passivation layer is a purely physical process and is controlled by the ion
bombardment of fluorine ions. After removing the passivation layer, the silicon etching
starts. While the bottom of the structures can be now etched, the sidewall polymer layer
protects the underlying silicon. The passivation layer leads to a high anisotropy of the
silicon etching process, which would otherwise be nearly isotropic. Continuing etching
removes parts of the sidewall polymer material by off-vertical ion impact. Therefore, after
a certain etch time, the deposition has to be repeated and the whole cycle starts again.
The ASE™ process works at room temperature and is known for its small sidewall rough-
ness and a very high selectivity towards standard photoresist masks, reaching 200:1 under
certain process conditions. It also has a high selectivity towards a large variety of hard
masks (SiO2, Si3N4, et cetera), exceeding a selectivity of 300:1. Etching rates of 6µm/min
can be achieved with good profile control.
Suitable precursor gases for the passivation step are carbon based gases, e.g., C4F8,
CHF3, CF4 C2F6, and other higher molecular gases [VSK
+94]. These gases are ionized
in the reactor to a plasma containing ions and radicals which undergo a polymerization
reaction. A detailed reaction scheme is described in [ROHT99]. A plasma reaction is highly
complicated with a large variety of reaction schemes. One possible scheme for building the
passivation layer is shown in Figure 6.5
C4F8 + 2F→ C4F10 (teflon film). (6.1)
The passivation layer is a teflon film with a thickness of a few nanometers. It is made of
long carbon chains, n(CF2)film, which are deposited on the pattern to be etched as well as
on the sidewalls and the mask. This polymer film is very resistant to chemical processes
but can be easily removed by ion bombardment even at low ion energies.
76 CHAPTER 6. SILICON NFLS
During the etching step, the gas is changed to allow silicon etching. The gas molecules
are dissociated in the reactor to a plasma and release high concentrations of etching species,
e.g., fluorine ions. The fluorine ions remove first the polymer film at the bottom of the
etch pattern before the etching of the silicon starts. The removal of the passivation layer is
just done by a sputtering effect of the fluorine ion bombardment. Subsequently the silicon
can be etched. A possible reaction scheme is:
Sisolid + 2F2 → SiF4 gas. (6.2)
The hard mask for the silicon etching of x-ray lenses is the photo resist layer (see Figure
6.3(b)). It has a thickness of ≈ 1µm (see above). The etching process is performed by a ICP
etch tool installed at the Institut für Halbleiter und Mikrosysteme (IHM) of the Technische
Universität Dresden (TUD), Germany. Process parameters were 5s etch phase, 130SCCM
SF6, 2.4Pa pressure, 600W ICP power, and 12W platen power and 5s deposition phase,
120SCCM C4F8, 1.9Pa, 600W ICP power, and no platen power. The etch rate was about
4-5µm/min. The achieved lens depths are approximately 56µm (see Figure 6.6(d)).
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Wafer-row A / µm B / µm C / µm D / µm E / µm F / µm
1 @ 20µm - 20.24 20.00 20.12 19.96 -
1 @ 25µm - 20.20 20.04 20.16 20.04 -
1 @ 30µm - 20.36 20.20 20.12 20.08 -
1 ∆ (top-bottom) - 0.12 0.20 0 0.12 -
2 @ 20µm 19.96 19.76 19.84 19.88 19.88 19.88
2 @ 25µm 20.08 19.96 19.96 19.84 19.96 19.88
2 @ 30µm 20.04 19.96 19.96 20.00 20.00 19.88
2 ∆ (top-bottom) 0.08 0.20 0.12 0.12 0.18 0.12
3 @ 20µm - 19.84 19.76 19.56 19.96 -
3 @ 25µm - 19.92 19.84 19.68 20.04 -
3 @ 30µm - 20.00 19,88 19.60 20.08 -
3 ∆ (top-bottom) - 0.16 0.12 0.04 0.12 -
Table 6.1: Results of the SEM-Measurements of the lateral sizes of the reference structures.
The size of the reference structures is 20µm (as shown in Figure 6.6(d)). The numbers 1,
2, 3 count the chip-row and the letters A, B, C, D, E and F indicate the column of a lens
chip on the wafer (see Figure 6.6(b)).
6.4.3 Analysis of the Shapes
There were two major critical points during the ASE™ process. One is the form fidelity
of the parabolas and the second is the steepness of the sidewalls. Compared to previous
manufacturing cycles of silicon NFLs, both were improved in this work. In order to analyze
the shape displacement of the mask and the final lens structures, we made several SEM
measurements of the lateral size of reference structures distributed along the whole wafer
(see Figure 6.6 and Table 6.1). We cut the wafer into pieces at the corresponding reference
structures. The reference structures have a similar aspect ratio to ensure the same etch
conditions as those of the lenses. The lateral size of the reference structures should be
20µm. As described every single structure is corrected on the photomask by 500nm to
compensate for the under-etching effect during the ASE™ process.
We measured the lateral size of the reference structure at three different depths of 20, 25
and 30µm respectively. The measurements show that there is still a shift representing an
enlargement or reduction of up to ±150nm depending on the position on the wafer.
Additionally the collected data shows that the lateral size is slightly larger at the bottom
of the structure. The structures in the center of the wafer seem to be the best ones, as the
etching conditions during the process are more stable in the center than at the boundary of
the silicon wafer. Therefore, the lenses from the center of the wafer are the preferred ones.
The shape displacement is about ∼ 120nm and the steepness of the sidewalls is better than
< 0.6◦.




Figure 6.6: (a) & (b) Photograph and schematic map of a fully processed 4-inch silicon
wafer. (c) Scanning electron micrograph of a part of the silicon wafer. Reference struc-
tures are structured along the whole wafer. (d) Scanning electron micrograph shows the
measurement of the lateral sizes of a reference structure.
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(a) (b)
Figure 6.7: (a) Scanning micrograph of the underetching effect during the deep silicon
etching process. (b) Schematic sketch of the change of the lens design. To ensure isotropic
underetching conditions, the lens design was changed from a elongated ((b), left) to a more
round lens shape ((b), right). For comparison of the two designs see also Figure 6.9 and
Figure 6.10).
6.4.4 Change of the Lens Design
The classical NFL design with an elongated lens shape (see Figure 6.7 (b)) has been used
for many years and also in the beginning of this work. Using this design one wafer holds 14
chips each of which contains a whole lens set. One chip contains 16 different blocks with
variable numbers N of 35, 50, 71 or 100 single lenses in a row. Each block of lenses holds 14
lenses with two different radii of curvature R between 2.2µm and 4.6µm in steps of 0.4µm.
In addition to the mask correction, each radius of curvature is corrected 3 times in steps of
±100nm in both directions. An individual bar code is structured into the wafer between
the lenses to ease the process of alignment. A schematic map of the wafer containing the
lens chips is shown in Figure 6.6 (b).
As it can be seen in Figure 6.7 (a) there is an underetching effect during the deep silicon
etching process. Since the ASE™ process is highly complicated the direction and the degree
of the undercutting effect is not totally clarified. The level of the underetching effect may
be depends on the size and form of structure to be etched.
For this reason a new lens design was recently adopted to ensure an isotropic under-
etching. We changed the lens design from a elongated to a more round lens shape (see
Figure 6.7 (b)). This can easily be done without changing the performance of the lens by
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increasing the radius R and decreasing the length of a single lens by the factor three (see
Figure 6.7 (b)). For the definition of R and l please refer to Figure 4.6 or Figure 4.10 in
chapter 4. This changed the number N of single lenses in a row to 105, 150, 213 or 300.
Each block of lenses now holds 14 lenses with two different radii of curvature R between
6.6µm and 15µm in steps of 1.2µm. The correction of each radius of curvature lies between
200nm and 1200nm in steps of 200nm.
6.5 Summary of the Current Manufacturing Process
The current manufacturing process is based on optical lithography and ASE™ etching.
Figure 6.8 shows the work flow of the whole manufacturing process. The process starts
with a 4-inch silicon wafer (100mm diameter). The thickness of the disc is about 545µm.
The wafer is spin coated with a positive photo resist AZ MIR701 in a BLE Gamma60 spin
coating system. Subsequently, the wafer is baked on a hot plate at a temperature of 95◦C.
The thickness of the resist layer is 1045nm. Afterwards, the coated wafer is structured by
optical lithography on a i-line-stepper PAS5500/250C system from ASML. The stepper
produced a five-to-one reduced image of the mask onto the wafer using a wavelength of
λ = 365nm. The exposure dose is 200mJ/cm2. The exposed area is 21 x 26mm2. To
ensure constant conditions during the ASE™ process the wafer is filled completely. The
wafer is developed with a tetramethylammoniumhydroxide (TMAH) developer OPD4562
in a Gamma60 system. The structures are then controlled by optical microscopy. The
deep silicon etching is performed by an ICP etch tool. Process parameters are 5s etch
phase duration, 130SCCM SF6, 2.4Pa pressure, 600W ICP power, and 12W platen power
and 5s deposition phase duration, 120SCCM C4F8, 1.9Pa, 600W ICP power, and no platen
power. The etch rate is about 4-5µm/min. The achieved structure depths are about 56µm.
At the end the silicon disc is segmented by a wafer saw. Every wafer consists of multiple
chips and one chip holds one set of lenses. For the experiment the best lenses are chosen.
The results of the manufacturing process are shown in Figure 6.9 and Figure 6.10.
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Step 1) preparation Step 2) optical lithography
Step 3) development Step 4) deep reactive ion etching
Step 5) removing the resist
Figure 6.8: Schematic sketch of the current work flow of the new manufacturing process
of silicon lenses.
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magnification: 50x magnification: 200x
magnification: 500x magnification: 1000x
Figure 6.9: Scanning electron micrographs of the final results of the current manufacturing
process of the old NFL design.
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magnification: 50x magnification: 200x
magnification: 500x magnification: 1000x
Figure 6.10: Scanning electron micrographs of the final results of the current manufactur-
ing process of the new NFL design.
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Chapter 7
Modeling of Aberrations
In chapter 4 the design and the general basics of the refractive x-ray lenses were discussed.
The calculations of the optical properties of the lenses so far assumed an ideal parabolic,
aberration-free lens. Deviations from this ideal lens shape were not considered. However,
as the fabrication process of NFLs was described (see chapter 6), this ideal case is not
valid. During the manufacturing process of NFLs some typical problems may occur that
may affect the performance of the lens.
This chapter closely examines the artifacts in the lens shape and sidewalls, which occur
during the manufacturing process. The most important criterion for the quality of a lens is
of course the spot size of the focus, but, in what follows, a second indicator is additionally
used, namely the far-field image (see Figure 7.1). We use a line profile of the simulated
focus and the simulated far-field image. Analyzing the intensity distribution of the far
field is a well-suited tool for characterization of lenses, because it is recorded in only a few
seconds while knife-edge scans at different positions along the optical typically take much
longer.
Intensity profiles can be extracted from the simulated data at any position along the
optical axis. In what follows we concentrate on the horizontal direction. Horizontal line
profiles of the focus and of the far field are taken. And sometimes it suffices to ma-
nipulate the perfect parabolic cylinders of the horizontal lens and leave the vertical lens
untouched.




• periodic ripples in the sidewall
• insufficient sidewall steepness
In the following sections this list is discussed step by step.
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Figure 7.1: Schematic overview of the geometry used for the simulations. The NFLs are
placed at a distance of 96m from the source. A slit system is placed close to the two silicon
lenses and a platinum pinhole is placed behind the lenses.
For the sake of completeness a brief comment on the software used for the simulations
is given. The software has been developed in the group of Prof. Dr. C. G. Schroer at the
Technische Universität Dresden (TUD), Germany. It is part of a C++-program, so-called
”tomo”. For the simulations we applied a wave-optical approach and the paraxial approx-
imation where small angular deviations form the optical axis are assumed. The simulated
synchrotron source is in the first place to be assumed an ideal coherent point source which
is then blurred to an extended source. The incident beam is assumed to be monochro-
matic. For free space propagation from the source to the lens we used Fresnel-Kirchhoff
propagation. The lenses were modeled as a stack of single lenses. Each lens is assumed to
be a thin object and modeled by the complex transmission function. For the propagation
between two single lenses we used free space propagation (Fresnel-Kirchhoff).
7.1 The Ideal Lens Shape
The parameters assumed in the following simulations are those met at the beamline ID13 of
the ESRF. The x-ray microscope using nanofocusing lenses is placed at a distance L1 = 96m
from a synchrotron source. The source is assumed to has an effective size of 150µm times
60µm (FWHM) horizontally and vertically, respectively. The beam is monochromatic
(∆E
E
≈ 10−4) with a photon energy of E=24.3keV (λ = 0.51Å), which is a typical value
for NFL-applications. A beam-defining slit system is placed close to the lenses (see Figure
7.1). Two suitable silicon lenses are used in a crossed geometry for horizontal and vertical
focusing, respectively. The radii of curvature, the number of single lenses and the distance
between the two lenses are chosen so that their foci lie in the same plane. The lenses are
perfectly aligned. A platinum pinhole with a diameter of 15µm is placed 5mm behind the
lenses. The two lenses generate a spot size of 40nm times 49nm (FWHM) in horizontal
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and vertical directions with a working distance of 5.3mm behind the pinhole outlet. The
virtual detector for recording the far-field image is placed at a distance of 1m behind the
focus. All input parameters for the simulations are listed in the Table 7.1.
As discussed in chapter 4, the absorption of a x-ray beam traveling through a nanofocus-
ing refractive lens has to be taken into consideration. A NFL has a effective aperture Deff ,
defined by the absorption of the outer parts of the lenses, which is smaller than the geomet-
rical aperture 2R0. For the definition of R0 please refer to Figure 4.6 in chapter 4.
Because of its parabolic shape, the transmission of an ideal NFL has a Gaussian profile.
In the simulation this Gaussian-limited wavefield propagates from the lens outlet through
the pinhole to the focus. The pinhole has no great influence on the focused beam as the
converging beam has rapidly decaying Gaussian tails, so that the beam is not limited by
the pinhole. From the focus the wavefield propagates by free space propagation to the
far-field at a distance of 1m.
Figure 7.2 shows the calculated data for a lens with ideal parabolic shape. The line profile
of the far field shows a perfect Gaussian shape. The extracted line profile of the focus image
shows exactly the expected focal spot size of 40nm (FWHM). On the logarithmic scale the
focus show a rapidly decaying of the focus tails. Note that the maximum intensities of the
far field and that of the focus are normalized for better comparison.
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source energy E 24.3keV
source distance from lens1 96m
horizontal source size (FWHM) 150µm
vertical source size (FWHM) 60µm
slits: horizontal slits gap 100µm
vertical slits gap 100µm
slit distance from lens2 100mm
lenses: lens material, atomic number Z Si, 14
gap d between single lenses 5µm
length W of single lens 90µm
vertically focusing lens: number N of single lenses 100
radius R 2µm
horizontally focusing lens: number Nof single lenses 71
radius R 2.4µm
pinhole: pinhole diameter 15µm
pinhole material, atomic number Z Pt, 78
pinhole distance from lens3 5mm
detector: detector distance from lens 1m
results: horizontal focal length f0
4 13.8mm
vertical focal length f0
4 20.6mm
horizontal spot size (FWHM) 39nm
horizontal spot size (FWHM) 49nm
working distance5 5.3mm
Table 7.1: List of the assumed parameters used in the simulations.
1geometry in the EH3 of the beamline ID13 (ESRF).
2measured from slits outlet to lens inlet.
3measured from lens outlet to pinhole inlet.
4measured from center of the lens.
5measured from pinhole outlet.
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simulated far-field image far-field intensity distribution
focus intensity distribution logarithmic focus intensity
Figure 7.2: Simulated data based on the ideal parabolic lens shape. The line profiles show
the expected behavior. The far-field has a perfect Gaussian shape.
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Cross-sectional SEM-image of lens edge notation
Figure 7.3: During the BOSCH-process an underetching effect takes place. This effect is
normally compensated by correcting the mask accordingly. In previous NFL production
cycles, these corrections were underestimated.
7.2 Shape Deviations
So far, the far field and the focal spot size generated by an ideal lens has been discussed.
Now we take into account deviations from the ideal shape. The biggest effects when
producing NFLs are deviations or shape errors of the parabolic lens profile. Thus, these
effects have probably the greatest influence on the optical performance of the lens.
A closer look at the deep silicon etching process described in chapter 6 shows an inherent
underetching effect (see Figure 7.3). This means that a given feature size is enlarged by the
etching process. To compensate this effect the structures on the mask (for the lithography)
were reduced. This implies that if the correction is too large, the features become too small.
An overetched lens means that the the shape of the lens is enlarged compared to the perfect
lens and an overcorrected lens means that the lens shape is smaller than the ideal one (see
Figure 7.3). Note that in both cases of overetched and overcorrected the lens has no longer
a real parabolic shape.
Measurements with a scanning electron microscope (SEM) show that shape displace-
ments of about 500nm or even more can occur (see Figure 7.3). To first order approxima-
tion we estimate that this effect is isotropic. This is probably true for the new lens design
(see chapter 6). Variation due to the form or the lateral size of the structure is disregarded.
These effect will have to be investigated in the future.
We change the horizontal lens in the simulations according to this effect. The parabolic
shapes were displaced by ±800nm, ±400nm, ±200nm. Note that a positive sign means
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an enlargement of the lens (overetched) and a negative sign means a reduction of the lens
(overcorrected) (see Figure 7.3).
Figure 7.4 shows the resulting far-field images of the simulations with the different lens
shapes. Depending on the corrections, the intensity distribution changes dramatically.
The ideal parabolic lens show the expected Gaussian profile, but the line profiles extracted
from the overetched and overcorrected lenses show deviations from that shape. In the
overetched case the lens generates a spiked intensity distribution in the far field and in the
overcorrected case the far field shows a dip on top of the intensity distribution, as shown
in Figure 7.4.
It is obvious that by increasing the underetching effect the peak photon flux increases
because the bar d between two single lenses is becoming thinner (the definition of d can
be found in Figure 4.6 in chapter 4). Another obvious point is the slight enlargement or
diminishment of the radius of curvature due to the underetching or overcorrecting effect.
Changes in the radius of curvature shift the focal plane accordingly. These intensity and
focal plane changes are taken into account when extracting the line profiles form the focus
image. Note that an overetched lens additionally creates a double focus in front of the
focus and a overcorrected lens creates a double focus behind the focus plane. This effect
is schematically explained in Figure 7.5.
The comparison of the line profiles extracted from the simulated foci are shown in Figure
7.6. For the sake of clarity this Figure shows only the overetched case but the intensity
distribution of a focus generated by an overcorrected lens looks similar to the overetched
lens. Increasing the amount of underetching, side maximums become apparent. These side
maximums result from the deviation of the lens shape from the ideal parabola shape and
lead to an effective enlargement of the spot size. Note that for comparison the maximum
intensities are normalized.
To achieve the ultimate small spot size with NFLs the underetching and overcorrecting
effect has to be adjusted very precisely. Recording and analyzing far-field images allows
to characterize the lens and to gain information that can be used to optimize the lens
production.
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far-field: ideal lens shape far-field: +800nm overetched lens
far-field: -800nm overcorrected lens comparison of the line profiles
Figure 7.4: Comparison of far-field images and the line profiles extracted from the different
overetched and overcorrected lens shapes. The black line is the perfect Gaussian shape
extracted from the ideal lens shape. Overetched lenses generate spiked Gaussians and
overcorrected lenses dips on top of the Gaussian profiles.
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Figure 7.5: Comparison of overetched and overcorrected lens shapes to the ideal lens. An
overetched lens creates an double focus in front of the focus F and an overcorrected lens a
double focus behind the focus F.
Figure 7.6: Comparison of the line profiles, extracted from the simulated focus images.
The black line is the nominal focus generated by the ideal lens shape. The red lines are
the different underetched cases (200nm, 400nm, 800nm). When increasing the amount of
underetching, side maxima become apparent. The side maximums act as an enlargement
of the focus size.
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7.3 Roughness of the Lens Surface
A critical point when dealing with x-ray optics is the roughness of the optic’s surface. The
estimated surface roughness of an NFL is about σ = 0.02µm (root mean square). This is
probably too high but still a reasonable value for the surface quality (see Figure 7.7 (a)).
Since the roughness of the individual lenses are not correlated, the effective roughness for
N lenses with 2N surfaces is given by (2N)1/2σ [LST+99].
For simulation purposes the horizontal and vertical lenses were assumed to have a surface
roughness of 20nm (rms). The simulated images of the focal spot and the far-field are shown
in Figure 7.8. The far-field appears at first glance very different from the ideal case. It
is much more speckled, but the intensity distribution still shows a Gaussian shape. The
value of the focal spot size even on the logarithmic scale is nominal. The rough surface
of the sidewalls creates a diffuse scattering pattern with a wide background in the focal
plane that it has no influence on the spot size. Note that the focus is a diffraction-limited
Airy disc so that a speckle cannot be resolved in the focus. In finding that the influence
of surface roughness on the performance of an refractive x-ray lenses can be disregarded is
consistent with previous calculations published by Lengeler et al. [LST+99].
(a) roughness (b) rippled structure
Figure 7.7: Scanning electron micrograph (SEM) of (a) a surface of a lens with roughness
in the range of 20nm (root mean square) and (b) of the rippled structure of the lens
sidewall.
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simulated far-field image far field intensity distribution
focus intensity distribution logarithmic focus intensity
Figure 7.8: Simulated data of the ideal parabolic lens shape with roughness of about
σ = 0.02µm. The line profiles extracted from the far field still show a Gaussian shape but
it is more speckled than the ideal one. The focal spot size is more or less nominal even on
the logarithmic scale.
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7.4 Rippled Structure on the Sidewalls
An additional problem when dealing with manufacturing NFLs lies in the structure of the
sidewalls. Based on the alternating etching and deposition steps during the ASE™ process,
the sidewalls have a rippled surface. It is obvious that the periodic structures act as a
local underetching effect. This change the parabolic shape of the lens locally in a periodic
way. For the simulations we estimated the values of 150nm for the period and 50nm for
the amplitude of the rippled structure on the lens sidewalls. In the simulations both lenses
the horizontal and the vertical lens are assumed to have a rippled sidewall structure.
The simulated far field shows a strongly striped image. The extracted line profile looks
like an interference pattern (see Figure 7.9), while the envelope exhibits a Gaussian shape.
This Gaussian shaped envelope is the intensity distribution of the far field generated by an
ideal lens. The periodic structure acts like a diffraction grating. Even though the far field
looks different from that of the ideal lens, the periodic character of the sidewalls has no
large influence on the focal spot size. The maximum intensity in the focus is getting slightly
weaker but the size doesn’t change. Even on the logarithmic scale the focus intensity looks
similar to the ideal one. Note that the influence is even smaller in reality because the
assumed values for the period and amplitude of the ripples are bigger than they are in
reality.
7.5 Steepness of the Sidewalls
Another problem with these planar lenses is the not fully perfect vertical sidewalls. As
discussed in chapters 5 & 6, the ASE™ process (deep silicon etching) is extremely challeng-
ing. In particular, because the process is not constant over the the whole processing time,
slight deviations from the vertical can occur. Measurements along the whole silicon wafer
(see Table 6.1 in chapter 6) indicate a slight widening at the bottom of the structure. The
enlargement is on the order of a few nanometers which in the worst case results in an angle
of around 0.7◦ and at best in 0.3◦.
The simulations of a slope angle of 0.57◦ degrees equivalent to 0.01rad show that the
effect on the optical performance of the lens is very small. A tilted sidewall causes a
continuous underetching effect, which results in line shaped foci tilted with respect to the
optical axis. The focal spot is therefore slightly shifted downstream and as an additional
result a shoulder in the focus distribution becomes apparent. This shoulder is clearly
visible on the logarithmic scale. The maximum intensity in the spot size is also slightly
reduced.
The far field looks more or less nominal (see Figure 7.10).
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simulated far field image far-field intensity distribution
focus intensity distribution logarithmic focus intensity
Figure 7.9: Simulated data on the rippled sidewall structures. The period of the ripples
is about 150nm and the amplitude about 50nm.
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simulated far-field image far-field intensity distribution
focus intensity distribution focus intensity distribution
Figure 7.10: Simulated data of lens shape with tilted sidewall of 0.01rad which equates
to an angle of approximately 0.6◦. The far field looks nominal. The focal spot is slightly
shifted downstream and a shoulder becomes apparent.
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aberration: shape displacement +400nm
roughness (rms) 20nm
periodic structure, period 150nm
periodic structure, amplitude 50nm
steepness 0.01rad
Table 7.2: Estimated aberrations
7.6 Summary of the Aberrations
So far, we have considered the different types of aberrations separately. We simulated the
effect on the far field and the influence on the spot size. It is more realistic to think of the
existence of a combination of all aberrations (listed in the Table 7.2).
Modeling these aberrations and looking at the far-field images shows that the dominating
effect seems to be the underetching which results as seen before in a spiked intensity
distribution. The roughness results in the far-field being much more speckled than in the
case of an ideal lens shape. The slope and the rippled structure of the lens surface do not
have much influence on the behavior of the far field.
Looking at the intensity distribution of the focus, one sees the side maximums which
are typical for an underetched parabola shape. As a result the spot size is getting bigger
and the background becomes apparent when the aberrations are added together. On the
logarithmic scale the tremendous change of the focus intensity becomes clearly visible and
shows an hight asymmetric background.
In reality a knife-edge scan usually used for focus characterization is probably not able to
resolve that intensity distribution shown in Figure 7.11. This relies on the fact that such a
scan is always influenced by vibrations or insufficient sample positioning. A more suitable
tool for beam characterization seems the reconstruction of the intensity distribution of
the focus by ptychography (more about ptychography reconstruction are given the next
chapter).
However, doing a knife edge scan will result in a more smeared intensity distribution.
Looking at measured data as shown in Figure 7.12 (a) & (b) shows the asymmetric back-
ground which was many times observed during the last years. It was conjectured that this
asymmetric background results from an asymmetric point spread function of the knife-
edge [SKP+05b]. The simulation shows that such a background can be the result of the
combination of the different aberrations in the lens shape.
With the simulations we are able to characterize the lenses and evaluate the influence
of different aberrations to spot size and far-field. Recording far field images and analyzing
the line profile seems to be an additional useful tool to characterize our optics.
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simulated far-field image far-field intensity distribution
focus intensity distribution focus intensity distribution
Figure 7.11: Simulated data of all aberrations listed in Table 7.2.
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(a) vertical focus (b) horizontal focus
Figure 7.12: Measured focus intensity distribution. The performed knife edge scans show
an asymmetric background. Detailed information of these measurements are published in
[SKP+05b, SKP+05a]
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Chapter 8
Experiments Using Silicon NFLs
Nanofocusing x-ray lenses have a wide range of application in hard x–ray microscopy
(10-30keV) [SGK+04]. Hard x-rays are well-suited for microscopy, as their large penetration
depth in matter allows one to observe the inner structure of a specimen without destructive
sample preparation or contamination [SBG+04]. In scanning microscopy, different x-ray
analytical techniques, such as diffraction, fluorescence analysis and absorption spectroscopy
can be performed, yielding structural, elemental or chemical information of the sample,
respectively.
In this chapter two experiments that are exemplary for the use of NFLs, are described.
These experiments demonstrate the enormous potential of these optics and their applica-
bility to many scientific fields.
The first experiment is a scanning fluorescence experiment, where the elemental distri-
bution of a geophysics sample is mapped. The sample under investigation is a Yttrium-
aluminium-garnet bi-crystal (Y3Al5O12) with diffusion of Ytterbium (Yb) along the grain
boundary. This experiment is performed at the ID13 of the European Synchrotron Radi-
ation Facility (ESRF) in Grenoble, France.
The second experiment is a coherent diffraction imaging experiment. This method is
becoming more and more interesting to x-ray science and seems to be a promising candi-
date for high resolution x-ray microscopy. In the scanning mode of these method, so-called
ptychography, this method is even able to reconstruct the complex wave field of the il-
lumination function and the object simultaneously. This experiment is performed at the
cSAXS beamline of the Swiss Light Source (SLS) in Villingen, Switzerland.
8.1 Experimental Setup
The first experiment has been performed at the ID13 of the ESRF. The synchrotron ra-
diation beam is produced by an in-vacuum undulator and monochromatized by an silicon
channel-cut monochromator to an Energy of E = 24.3keV. The lenses are mounted at a
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Figure 8.1: Experimental setup installed in the experimental hutch (EH3) at beamline
ID13 of the ESRF. To achieve smaller spot sizes the mirror system (that is routinely used
at this beamline) is replaced by a lens interface compartment built at TU Dresden. This
interface includes the lens positioning system and a slit system.
Figure 8.2: Detailed view of the experimental setup installed in the experimental hutch
(EH3) at beamline ID13. For a proper alignment of two NFLs, they are mounted on a
positioning system from Attocube Systems, Munich, Germany (right).
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distance of 96m from the source. The beam is horizontally and vertically focused by silicon
lenses. The radii of curvature R, the number N of single lenses and the distance between
them are chosen so that their foci coincide. The exact parameters of the NFLs are listed
here:
lens N single lenses radius R of curvature theoretical spot size (FWHM)
horizontal 100 2.2µm 39nm
vertical 71 3.0µm 48nm
The whole experimental setup is shown in Figure 8.1. This setup is able to provide the
requirements for many applications. A three-dimensional high precision scanning setup
(xyz) sitting on an air bearing rotation (r) and several additional tilt options as well as a
great choice of detectors, e.g., fluorescence detector, MAR-CCD, FreLoN-CCD and optical
microscope are available.
For the experiments we replaced the mirror system that is normally used at the ID13
by our optical lens interface. As one part of this work this lens interface (see Figure 8.3)
is designed and built at the TU Dresden. Using NFLs, this instrument routinely provides
small x-ray beams with a lateral size of 100nm (FWHM) and below. This very compact
lens compartment includes a slit system and the positioning system for the two NFLs.
The slit system is placed very close to the lenses inlet to shadow the radiation impinging
outside the aperture of the NFLs. A platinum pinhole with a diameter of 15µm is placed
behind the lenses to clean the beam of any diffuse scattering which can occur inside the
silicon bulk material. This setup is used successfully many times not only by our group
but also by user experiments at this beamline.
The lenses are aligned while observing them in transmission with a high-resolution x-ray
camera positioned as close as possible behind the lens exit. For a proper alignment of
two NFLs in a crossed geometry ten degrees of freedom are necessary. The two lenses are
mounted on a positioning system, commercially available from Attocube Systems, Munich,
Germany (see Figure 8.3 and Figure 8.2).
For rough adjustment, a gold wire with a diameter of 50µm is used to determine the
position of the two line foci. A gold wire cross is scanned horizontally and vertically
through the focused beam while observing the transmitted signal with a PIN-diode. After
determining the positions of the two line foci, the distance between the two lenses is varied
so that the horizontal and the vertical focus coincide. The exact determination of the
lateral spot size is achieved by using a gold knife edge. The knife edge is a gold layer
with a sharp edge sitting on a silicon nitride membrane. The thickness of the gold is
approximately 45nm. The gold edge is produced by e-beam lithography, vacuum gold
deposition and a subsequent lift off process.
The gold fluorescence signal is recorded with an energy dispersive detector while the
knife edge is scanned through the beam. An error function
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Figure 8.3: NFL interface designed and built at the TU Dresden. The interface is im-
plemented into the x-ray microscope installed at the beamline ID13 at the ESRF. Using
NFLs, this instrument routinely provides small x-ray beams with a lateral size of 100nm
(FWHM) and below.
Figure 8.4: Measured gold fluorescence knife-edge scans (red) which characterize the
microbeam in vertical and horizontal direction. The recorded data are fitted by an error
function (blue). The derivative of the fit function is a Gaussian (black) which represents
the size of the microbeam. (left: horizontal scan, right vertical scan). The focus size is
165nm x 171nm.
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is fitted to the data. Here the parameter τ denotes the FWHM of the lateral size of the
focus. I0, A and x0 are fit parameters. The recorded data, the fit function and the focus
size in the horizontal and vertical direction are shown in Figure 8.4. From the fit functions
and their derivative, it follows that the lateral size of the focus is 165nm times 171nm
(see Figure 8.4). Although the spot size diverges from the expected focus size, without a
detrimental background the two foci look really sharp. The total photon flux in the focus
is about of 2.2 · 107ph/s at a ring current of I = 190mA.
Unfortunately the knife-edge scans do not show the expected theoretical performance of
the lenses. A reason for this is probably that these scans are influenced by beam widening
effects, e.g., vibrations of the setup, knife-edge artifacts or insufficient sample positioning.
Thus a knife edge scan always shows a mix of the spot size generated by the optic and the
broadening effects of the experiment and the experimental environment. Although knife
edge scans are not able to determined the quality of the optic and focus they give a good
impression of the resolving power of the whole x-ray microscope.
Most recent experiments (see below) have shown a more suitable tool for optic and focus
characterization seems to be the reconstruction of the intensity distribution in the focus
by ptychography scans. These scans are less sensitive to vibrations of the setup.
8.1.1 Fluorescence Studies on Grain Boundaries
X-ray fluorescence application is a method of detection and quantification of the elemen-
tal composition and distribution. Fluorescence applications are sensitive to even small
concentrations and have a wide application from the mapping of trace metals in single
biological cells, through the measurement of impurities in solar cells, to rare earth content
of geological materials.
In our study, the observed sample is a Yttrium-aluminum-garnet bi-crystal (Y3Al5O12)
with diffusion of Ytterbium (Yb) along the grain boundary.
Grain boundary diffusion is a phenomenon of great fundamental interest. It plays a
key role in many industrial applications and engineering techniques, such as sintering or
diffusive crack healing. For studying re-crystallization or grain growth, grain boundary
diffusion is an important phenomenon.
Besides, Yttrium-aluminum-garnet (YAG) is an important high-performance laser ma-
terial, the structural similarities may allow the comparison with grain boundary diffusion
in natural garnet. The investigation of natural materials is very difficult as the purity and
stoichiometry of natural samples is difficult to control. Thus the observed YAG bi-crystal
are synthesized in the laboratory as an example for natural garnet. The diffusion experi-
ment is performed by using thin film technology. The sample considered here is prepared
with the grain boundary perpendicular to the surface. By using pulsed laser deposition
(PLD) a thin film of Ytterbium (Yb) is deposited on the surface of the grains. The thick-
ness of the Yb-layer is about 300nm. A lamella is cut from the bi-crystal by focused ion
beam (FIB) technique (see Figure 8.5 (left)). The sample prepared this way has a size of
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Figure 8.5: (left) Schematic sketch of the grain boundary of the bi-crystal (perpendicular
to the surface). The thickness of Yb (orange) on top of the Yttrium-aluminium-garnet
bi-crysta is about 150nm - 350nm. The bi-crystal size itself is in the millimeter range. A
lamella of the bi-crystal is cut from the sample by focused Ion beam (FIB) technique. The
lamella (size: 14µm x 7µm) is approximately 150nm thick. (right): Fluorescence mapping
of Ytterbium and Yttrium.
approximately 12 × 6µm2. In order to study the sample it is placed on a grid as usually
used in transmission electron microscopy (TEM). The TEM-grid is mounted on a small tip
which can be installed in the x-ray microscope.
For observing the sample and recording maximum fluorescence the sample is facing the
energy-dispersive detector under an angle of 45◦ degrees relative to the incident beam. The
distance between the sample and the fluorescence detector is about 10mm.
The sample is scanned in x- and y-direction through the focused beam. At each scan
position an fluorescence spectrum is recorded. For an overview a rough scan with a step
size of about 500nm is performed. The scan region has a size of 14×8µm2 (see Figure 8.5).
For the precise mapping of the diffusion of ytterbium (Yb) along the grain boundary of
the bi-crystal a fine scan is performed. The step size of the fine scan is about 50nm in the
region of interests (ROI) with size of 2×2µm2. Note that the spatial resolution is basically
defined by the spot size which is determined by gold knife-edge scans to be 165nm times
171nm (see Figure 8.4).
The final results of this fine fluorescence mapping can be seen in Figure 8.5 (right). The
observed sample is part of present studies at the German Research Centre for Geosciences
in Potsdam, Germany.
The results of this experiment show clearly the principle of this kind of application
using NFLs. Besides this fluorescence experiment a large variety of other fluorescence
experiments from biological plant samples to interstellar space dust particles in two- and
three-dimensional mode have been successfully performed.
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8.2 Coherent X-Ray Diffraction Imaging
8.2.1 Phase Retrieval Methods: CXDI & Ptychography
The spatial resolution in full-field microscopy is limited by the numerical aperture (N.A.) of
the optic (chapter 4). In the scanning mode of x-ray microscopy the resolution is roughly
limited by the lateral beam size of the focus. As discussed in chapter 4 the spot size
depends on the x-ray source, the geometry of the setup and the optic used. In order to
overcome the limitations based on the resolution of the optic, a new experimental method,
known as coherent x-ray diffraction imaging (CXDI), has been developed in recent years
[MCKS99, RVW+01, MIJ+02, WPVR03, STB+05].
Under a coherent illumination of the sample a characteristic speckle pattern is created
in the far field of the object. The recorded diffraction pattern can be used to recover the
structure of the object which does not necessarily have to have any periodicity. The main
difficulty of this method is that the structure determination requires the knowledge of the
phase in the diffracted field. However, the phase can not be measured directly but can
only be reconstructed numerically with iterative computing methods.
The reconstruction of the lost phase is a challenging task. In the last few decades,
a number of different phase-retrieval reconstruction algorithms like the error reduction
algorithm or the hybrid input-output methods have been developed and used increasingly
[Fie82] .
The phase-retrieval methods are based on the forward and inverse Fourier transform
cycling between real and reciprocal space. For recovering the phase, the method uses a
set of constraints corresponding to the measurements taken and a priori knowledge of the
system. The iteration process usually starts in real space with a random guess of the object
function. This guess is based on real space constraints like the support of the object. By a
Fast Fourier Transform (FFT) the corresponding reciprocal space image is calculated and
used as the first guess for the diffraction pattern. Since the amplitude of the diffraction
pattern is measured, the amplitude guess is discarded and replaced with the measured
values while keeping the phase. The new diffraction pattern is transformed back to real
space by an inverse Fast Fourier Transform and gives a new guess of the complex object
function. The assumed real space constraints are applied and the cycle starts again (see
Figure 8.6) [Fie82, GS72, Mil90].
The spatial resolution achievable in this diffraction based method is related to the largest
diffracted angle at which a significant signal can be recorded. Based on this the maximum
resolution in real space of this so-called lensless imaging technique is limited by the strong
decay of the diffraction intensity with increasing scattering vector ~q. The scattering vector
~q is defined as ~q = ~ks−~ki where ~ki is the vector pointing in the direction of the incident wave
and ~ks pointing in the direction of the scattered wave. Due to the fact that the intensity
of a given object decays with a q−4 power law [MCHR+03] an increase in resolution by one
order of magnitude for a given experimental setup requires an increase by four orders of
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Figure 8.6: Schematic sketch of phase retrieval algorithms. The phase of the complex wave
field is recovered iteratively, by forward and inverse Fourier transformation between real
and reciprocal space. The assumed real and reciprocal space constrains will be replaced in
each cycle to project reconstructed phase onto the measured values.
magnitude in number of coherent photons. This can be achieved most simply by increasing
the exposure time or more elegantly by increasing the coherent flux using focusing optics
[SBF+08].
However, smaller spot size also limits the size of the sample which has to be smaller
than the size of the beam. To observe larger extended objects at short exposure times, a
new method, the so-called ptychographic reconstruction method can be used. The method
was described by Rodenburg and Faulkner [RF04, FR04] and was originally developed
for electron microscopy but can also be directly applied to x-ray microscopy [TDB+09,
TDM+08, RF04, FR04, MR09]. By scanning the object laterally through a small and
coherent x-ray beam a set of coherent far field diffraction patterns from different positions
of the specimen is recorded. Between the measurement of two diffraction patterns the
probe or sample are moved relative to one another while maintaining a certain overlap
between the illuminated areas. Good reconstruction results require an overlap of around
60–70% [MR09]. Doing so, a different region of the sample is illuminated and generates
a different characteristic diffraction pattern. Therefore extended areas of interest of the
sample can be covered.
With the set of different characteristic diffraction patterns and the knowledge of the
positions where they have been recorded the object can be reconstructed. It is assumed
that the interaction between the sample and the incident illumination can be modeled by a
product of the incident wavefield and the transmission function of the object. Therefore this
method is able to reconstruct the sample and the illumination simultaneously [TDB+09,
TDM+08, RF04, FR04, MR09].
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8.2.2 Experimental Setup
The ptychography experiments described in the following are performed at the cSAXS
(coherent small angle x-ray scattering) beamline of the Swiss Light Source (SLS). An in-
vacuum undulator and a Si-(111) monochromator are used to generate a monochromatic
beam. The chosen energy is E =13.6keV. The effective horizontal and vertical source sizes
are approximately 200µm × 15µm (FWHM), respectively. Two suitable silicon lenses are
used in a crossed geometry for horizontal and vertical focusing respectively. The radii of
curvature, the number and the distance between the two lenses are chosen such that their
foci coincide (for exact parameters see the table).
lens N of single lenses radius R of curvature theoretical spot size
horizontal 50 4.6µm 133nm
vertical 35 5µm 98nm
For the alignment of the two lenses they are mounted on a positioning system from At-
tocube Systems AG, Munich, Germany (see Figure 8.8). The distance between source and
lenses is approximately 34m. After successful alignment, (while observing the lenses in
transmission) a platinum pinhole with diameter of 20µm is placed behind the lenses and a
slit-system in front of the lenses. Both serve as discussed in the previous section to clean
the beam. The sample is mounted on a high precision scanning piezo stage (XY Z) from
PI instruments, Lederhose, Germany. For the experiment a 7m long flight tube filled with
helium is used. For recording the diffraction patterns, a PILATUS 2M detector is used.
This detector is a single-photon counting pixel detector and allows operation without read-
out noise. With its relatively large pixel size of 172× 172µm2 it is placed far away (∼7m)
from the sample to achieve reasonable signal sampling. For the ptychography scan the in-
coming synchrotron beam is focused by NFLs on the sample (FZP). The intense focal spot
interacts with the specimen and is propagated through the 7m long flight tube to a pixel
detector in the far-field region. A 2D data set is produced by recording diffraction patterns
as the sample is scanned through the focused x-ray beam. The whole experimental setup
is shown in Figure 8.7 and Figure 8.8.
8.2.3 Measurements and Results
The following ptychography scan is carried out on a Fresnel zone plate (FZP) as test
sample. The FZP has a diameter of d = 50µm and a width of the outermost zone of about
100nm. The FZP is well-suited as a sample for CXDI and ptychography scans because it
is a strong scattering object and generates a strong diffraction signal at large scattering
vector ~q even at short exposure times.
The data set of the diffraction patterns is recorded with a so-called round scan. In this
scan, the sample is scanned on circular rings through the focused beam while increasing
the circle radius. By using gold wire knife-edge scans the measured spot size in both
directions is determined to approximately 350 × 350nm2. Note that this value is much
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Figure 8.7: Overview of the experimental setup installed a the cSAXS (coherent small
angle x-ray scattering) beamline of the Swiss Light Source (SLS). A flight tube filled with
helium (He) is used for free space propagation of the wave field. For recording the diffraction
patterns a PILATUS 2M pixel detector is used.
Figure 8.8: Sample and lens environment. For the alignment of the two lenses they are
mounted on a positioning system. A pinhole is placed between the lenses and sample
(FZP). For free propagation of the scattering wave field a 7m long flight tube is installed
between sample and detector.
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Figure 8.9: Reconstructed phase image of the outer part of an FZP (left) and the recon-
structed complex wave field in the scattering pane (right). Brightness means amplitude
and phase is encoded in color.
higher than the expected theoretical focus size of 133 × 98nm2 (see table above). Based on
this measured spot size the step size of the ptychography scan is chosen to be about 250nm.
While the spot size is the limiting factor for the spatial resolution in conventional scanning
x-ray microscopy, in ptychography it has the role to ensure a sufficient oversampling and
overlap of the different positions on the sample. At each scanning position, a diffraction
pattern is recorded with an exposure time of t =1s, 10s and 30s.
The reconstruction of the object (FZP) itself looks quite promising. The reconstruction is
able to recover the amplitude component which represents the absorption information and
the phase component (see Figure 8.9 (left)) which expresses the phase shift experienced by
the wave when transmitting through the sample. Although the beam size, as characterized
by the knife-edge scan, to be in the range of 350nm, the resolution of the reconstructed
image of the sample is much better than that. Looking at Figure 8.9 (left), the width of
the lines at the outermost zones (≈ 100nm) of the FZP are clearly visible.
The incident complex wave field in the scattering plane is also retrieved by the algorithm
at the same time as that of the sample (see Figure 8.9 (right)).
Figure 8.10 shows the reconstructed intensity distribution in the sample plane. The
images show an interesting and at the time of the experiment unexpected intensity shape.
The shape of the illumination spot is tilted and elongated along the diagonal. Extracted
line profiles show that the size along the horizontal direction is about 150nm (FWHM)
which is close to the expected size (see table above). Along the diagonal, the beam is
much more extended. Additionally it shows along the diagonal a double focus, which is
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Figure 8.10: Reconstructed intensity distribution in the scattering plane (left). The line
profile extracted from the image reveals the width of the focus around 150nm (FWHM)
along the horizontal direction. But since the line scan is heavily tilted, conventional knife-
edge scans along the horizontal direction are not able to resolve the correct beam profile.
As a result, knife-edge demonstrates an effective enlargement of the focus by about a factor
2 to 3. This corresponds nicely to the observed behavior.
typically for an underetched lens (see chapter 7). Without the reconstructed 2D intensity
distribution this would have been difficult to determined because a conventional knife-edge
scan for focus characterization is not able to resolve the intensity distribution. A knife edge
scanned through the beam in the horizontal or vertical direction just resolve the integral
intensity distribution in the corresponding direction.
A interesting consequence of the intensity distribution is that the spot is in some direction
smaller than the scanning step size. This led to a missing overlap for the ptychography
scan. This fact degrades the convergence of the reconstruction algorithms and results in
distortions of the reconstructed zones of the FZP as shown in the Figure 8.9 (left). This is
especially valid for the reconstruction of the amplitude component of the object function
(which is not shown). Smaller step sizes would have improved the reconstruction of the
FZP image.
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Figure 8.11: Schematic sketch of the NFL setup and the computed propagation of the
complex wave field along the optical axis.
8.2.4 Comparison of Simulated and Measured Data
The reconstruction of the complex wave field also allows for a computed propagation of
the complex wave field along the optical axis (see Figure 8.11). Doing so for the present
case something unexpected happens. In the case of perfect alignment, a Gaussian shape
wave field which propagates along the optical axis would be expected. In the case when
the two line foci are not perfectly adjusted, two separate line foci in the horizontal and
vertical direction should be seen. Examining the reconstructed illumination function, two
line foci can be observed, but they are tilted with respect to the horizontal and vertical
direction by a certain angle. Additionally the two line foci do not lie in the same plane.
The attempt to make both foci coincide, by moving the vertical lens up- and downstream
remained unsuccessful.
A closer look at the high resolution transmission images recorded during the lens align-
ment shows that the two lenses are not perfectly adjusted perpendicular to each other.
The transmission image (see Figure 8.12 (b)) shows that the vertical lens is tilted by an
angle α of about 2◦. This could not be corrected because of a missing degree of freedom
in the vertical lens position system.
To understand this unexpected behavior we modeled the misalignment using the same
software as that one in chapter 7 used. We manipulate the two lenses to the assumed
aberrations listed in Table 8.1 including a tilt of the vertical lens of 2◦. The simulated
complex wave field shows the same behavior as the reconstructed complex wave field. The
tilt of the line focus fits the measured data particular well (see Figure 8.13). Note that
this is just a qualitative simulation to understand the principle behavior.
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aberration: shape displacement +400nm
roughness (rms) 20nm
rippled sidewall structure, period 150nm
rippled sidewall structure, amplitude 50nm
steepness 0.01rad
mis tilt alignment α 2◦
Table 8.1: List of th estimated aberrations for the simulations
(a) (b)
Figure 8.12: (a) Schematic view of the misalignment of the two lenses. (b) Transmission
image of the two lenses. The vertically focussing lens is tilted by an angle of approximately
2◦ perpendicular to the horizontally focusing lens.
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Figure 8.13: Comparison of simulated (left) and reconstructed (right) complex wave field
propagated along the optical axis. The distance between two images in each column is
100µm (see also Figure 8.11). The experiment are performed by using the classical NFL
design (see chapter 6).
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lens N of single lenses radius R of curvature theoretical spot size
horizontal 213 13.8µm 67nm
vertical 105 21µm 82nm
Table 8.2: Parameters of used lenses of recent ptychography experiments performed at
the ID13 of the ESRF, Grenoble, France.
8.3 Characterization of the Latest Si-NFLs by Pty-
chographic Reconstruction
So far, silicon NFLs have achieved a minimal beam size of 50nm (FWHM) [SKP+05b].
Although the results are impressive, the foci of early NFLs exhibit a relatively high back-
ground (see last section of chapter 7). With the improved manufacturing process and the
latest lens design (described in chapter 6) we provide high quality lenses.
Using the latest generation of silicon NFLs and including the missing degree of freedom
in the lens positioning system we performed a new ptychography experiment. With the
most recent results of this experiment the lenses performed very close to the theoretical
values. The reconstructed intensity distribution in the focal plane and the extracted line
profiles show a spot size of 75 x 90nm2 in horizontal and vertical direction, respectively.
Comparison of the measured and the expected spot size (see Table 8.2) show that the
variations are in the range of few nanometers. Even on the logarithmic scale the x-ray
nanobeam show a very low background of a few percent. The ptychography experiment is
carried out at the ID13 of the ESRF. Complete results will be published soon.
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Figure 8.14: Reconstructed intensity distribution of the spot size in horizontal and ver-
tical direction. The line profiles show a spot size of 75nm times 90nm in horizontal and
vertical direction. On the logarithmic scale the plots of intensity distribution show a very
low background. The ptychography experiment is carried out at the ID13 of the ESRF.
Complete results will be published soon.
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Chapter 9
Manufacturing of NFLs Made of
Diamond
One part of this thesis is the development of a manufacturing process for a nanofocusing
refractive lens (NFLs) made of diamond. The following chapter deals with the manu-
facturing and testing of NFLs made of chemical vapor deposition (CVD) diamond. The
manufacturing process is based on electron beam lithography and deep reactive ion etching.
The characterization of the lens is performed at the ID13 of the ESRF.
9.1 Diamond as Lens Material
As discussed in chapter 4 the choice of the lens material has significant influence on the
performance of the lens. To increase the transparency of the lens the attenuation coefficient
µ of the lens material has to be as small as possible. In chapter 3 it was shown that the
quotient µ
ρ
scales with the atomic number Z of the absorbing material in the energy range







Therefore, low-Z elements are favorable materials for refractive x-ray lenses. The minimal
spot size achievable with NFLs is limited by the maximum numerical aperture N.A. [SL05]




where δ is the decrement of the complex index of refraction given by n = 1 − δ + iβ (see
equation 3.1). The value of δ describes the power of refraction with respect to vacuum.
As shown in chapter 3, because the ratio Z/A is practically for all materials constant (0.3
- 0.5), the number ρ representing the density is the only material parameter that has an
influence on the decrement δ of the index of refraction. In order to achieve a large numerical
aperture N.A. and a small spot size, materials with a high density ρ are the preferred lens
materials [SKH+03a].
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One of the lowest Z materials is carbon (C, Z = 6). In its diamond (C*) configuration
it has a relatively high density (ρdiamond = 3.52 g/cm
3) and thus a high refraction.
lens material spot size gain
silicon 35nm x 48nm 62 000
diamond 19nm x 27nm 3 000 000
Table 9.1: This table shows the calculated diffraction limited spot sizes and the gain of
intensity in the focus generated by NFLs made either of silicon or of diamond. By changing
the lens material from silicon to diamond, spot size will be reduced to 20nm and the photon
flux in the focus will gained by a factor of 50 at an energy of 20keV. Source size and focal
length are assumed to be equal. Calculations are done with the NANOPROBE-calculator
at www.xray-lens.de [LST+99].
Compared to a silicon NFL the transmission of a diamond NFL is much higher. By
changing the lens material from silicon to diamond spot sizes come down to the diffraction
limit of 20nm [SKH+03b] while an increase in photon flux in the nanobeam by a factor of
50 is achievable (see Table 9.1).
Besides of its low absorption coefficient, diamond has additionally a high thermal conduc-
tivity, a low thermal expansion coefficient and high thermal stability [AMRE94]. Therefore
a diamond lens is also well-suited for application under extreme conditions such as in a
free electron laser beam [Alt06]. Overall, diamond as lens material seems to be well suited
for refractive x-ray optics for third or fourth generation synchrotron sources.
Although diamond is one of the best suited lens material the structuring of diamond
is a much more challenging task than that of silicon. However, several studies have been
conducted in order to build a diamond lens [NHFD03, RCL03]. One of these studies (see
Figure 9.1) was performed at the RWTH Aachen [Kur05], but the results of these tests
were dissatisfying. These prototypes show strongly tilted sidewalls, rough surfaces and
completely inadequate structure depths for nanofocusing x-ray lenses. These problems
had to be overcome before producing a useful diamond lens.
In spite of these problems a suitable manufacturing process as part of this work is
designed. This manufacturing process of planar diamond lenses is based on electron beam
lithography and deep reactive ion etching. This process is not yet fully developed but the
results, while not ideal, show that the principle works. The current manufacturing process
(work flow see below in Figure 9.4) is still in progress in order to achieve better lenses
and thus better optical performance. The current status of the manufacturing process for
diamond lenses is described in the following section.
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diamond NFL single diamond lens apex of a parabola
Figure 9.1: Scanning micrograph of previous diamond manufacturing studies. The results
of these early studies show strongly tilted sidewalls, rough surfaces and completely inad-
equate structure depths (∼ 10µm). These prototypes are impractical for focusing x-rays
[Kur05].
9.2 Diamond Etching
The reactive ion etching of diamond can be done in principle in a hydrogen (H2) or oxygen
(O2) based plasma. In the first case, carbon (also in diamond configuration) is etched by
hydrogen in the neutral H or ionized form H+. Carbon is converted to hydrocarbon, e.g.,
methane (CH4). A possible reaction scheme is the following:
Cdiamond + 2H2 → CH4. (9.3)
By adding noble gases, e.g., Argon (Ar), diamond is additionally etched by a sputtering
effect (ion bombardment).
The second case is basically a chemical etching method, where an oxygen (O2) based
plasma is used for etching carbon. Through this etching process, the carbon is oxidized
to carbon monoxide (CO) or carbon dioxide (CO2). A possible reaction scheme [ES61]
is:
2Cdiamond + O2 → 2COabsorbed (9.4)
CO + COabsorbed → Cgraphite + CO2. (9.5)
Here the surface of the diamond forms a graphite layer which can be etched in an O2-
plasma
Cgraphite + O2 → CO2. (9.6)
The strong binding of the carbon atoms in the diamond configuration leads to low etching
rates and thus to extremely long processing times. However, with enough time it is possible
to achieve suitable structure depths of more than 25µm. With greater structure depths,
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the question arises which mask materials are inert and able to withstand the ion bombard-
ment during the long processing time. Several etching tests with different mask materials,
e.g., tungsten (W) and titanium (Ti) and different gas mixtures of oxygen, hydrogen and
noble gases, e.g., argon (Ar) are performed. These tests are done in a RIE device and
in an ICP-tool. Both devices are installed at the Fraunhofer Institut für Angewandte
Festkörperphysik (IAF), Freiburg, Germany.
During the diamond etching, problems can occur which have to be overcome to make
proper diamond lenses. A common problem is the RIE grass (see Figure 9.2(a)&(b)).
The massive appearance of micro-grass is even able to stop the entire etching process.
In combination with the mask erosion (see Figure 9.2(d)), this limits the etching depth
to approximately 10µm. The RIE-grass results from micro-masking by small particles
probably from the tungsten or titanium hard masks. The micro-grass could be eliminated
by temporarily switching to a strong isotropic etching process using a hydrogen atmosphere
with high pressure and subsequently switching back to the anisotropic process for deep
trench etching. The mask erosion can avoided by reducing the bias-voltage and reducing
the gas pressures.
For the structuring of the titanium and the tungsten mask, we used a gold mask made
by electron lithography and an inverse lift off process.
9.3 The Manufacturing Process of Diamond Lenses
The base material for the diamond lenses is a 3-inch diamond wafer produced by Diamond
Materials in Freiburg, Germany. These diamond substrates are made by chemical vapor
deposition (CVD) where a diamond layer is deposited on a smooth 5mm thick silicon
substrate. The deposition rate is about 1µm per hour. Subsequent to the CVD process, the
diamond wafer is cut by a laser to a suitable wafer piece and the relatively rough surface
of the wafer is polished. After polishing the diamond wafer is optically smooth with a
typical roughness in the range of 15nm root mean square (rms). The 300 - 400µm thick
polycrystalline diamond wafer prepared in this way is coated with a 500nm tungsten (W)
layer. The tungsten layer serves as a hard mask for deep diamond etching. Subsequent to
the metal layering, the wafer is spin-coated with a positive electron beam resist (PMMA).
The resist-coated wafer is structured by electron beam lithography and then developed.
After that the lens pattern is inversely transferred into a 100nm thick layer of gold. This
is done by gold sputtering and a lift-off process. The gold layer is used for patterning
the tungsten layer. Tungsten etching uses a SF6 based plasma in an etching tool from
SENTECH Instruments GmbH, Berlin, Germany. The structured tungsten layer serves
as a hard mask in the deep reactive ion etching of diamond by using an oxygen-based
plasma.
Different blocks of lenses with variable numbers N of single lenses in a row are structured
into the diamond wafer. Each block holds 24 lenses with 4 different radii of curvature R
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(a) RIE-grass (b) zoom of RIE-grass
(c) flat steepness (d) mask-erosion and mask undercut
Figure 9.2: Problems that occur during the etching of diamond lenses. (a)(b) Small
particles of the titanium mask act as micro-masks for diamond during etching process. This
results in the formation of RIE-grass, which stops the etching process. (c) Flat sidewalls
of the lens surface. (d) Mask erosion and mask undercut result in shape displacement and
rough surfaces of the lens.
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Figure 9.3: Scanning electron micrographs of the nanofocusing refractive lenses made from
diamond.
(see Figure 9.3), each corrected in 5 steps (200nm) for shape displacement in the fabrication
process. The radii of curvature lie between 5µm and 8µm.
For alignment of the lenses in the x-ray beam the diamond wafer is additionally struc-
tured with bar code in between the lenses similar to those used for the silicon NFLs. The
work flow of whole manufacturing process is shown in Figure 9.4.
9.4 Focusing Test of the Diamond NFLs
In this section the focusing test of the diamond NFL prototype is described. The lenses have
been tested at beamline ID13 of the European Synchrotron Radiation Facility (ESRF) in
Grenoble, France. To monochromatize the synchrotron beam to an Energy of E = 24.3keV
an in-vacuum undulator and a silicon channel-cut monochromator, Si(111) is used. The
lenses are mounted at a distance of approximately 96m from the source. The effective
horizontal and vertical source size is approximately 160µm × 60µm full width at half
maximum (FWHM).
Because of the absence of two suitable diamond lenses the beam is horizontally focused
by a diamond lens and vertically focused by a silicon lens. The radii of curvature of both
lenses and their distance are chosen such that their foci are in the same plane. The lenses
are mounted on a positioning system, which includes the necessary degrees of freedom for
the alignment of the lenses (see Figure 9.5(a)(b)(c)). We aligned the lenses perpendicular
to the beam and to each other while observing them in transmission with a high resolution
x-ray camera. A platinum pinhole with a diameter of 15µm is placed behind the lenses to
shadow the radiation from outside the aperture of the lenses. For characterization of the
x-ray microbeam gold knife edge scans like those described in chapter 8 are performed. A
sharp gold knife-edge (45nm gold on a silicon nitride membrane) is scanned through the
beam and the fluorescence is recorded with an energy dispersive detector.
The Figure 9.6 shows the measured intensity of the gold fluorescence (red dots). From the
Figure 9.6 it can be seen that parts of the radiation are measured outside the microbeam.
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preparation e-beam lithography
resist developing gold sputtering
gold lift off tungsten dry etching
diamond dry etching removing of masks
Figure 9.4: Schematic work flow of the manufacturing process of diamond nanofocusing
refractive lenses.
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As a result it appears that the measured data are fitted at best by a sum of two error
function (blue line). The fit function can be expressed by the formula

















where σ1,FWHM denotes the FWHM of the focus while σ2,FWHM denotes the width of the
background caused either by diffuse scattering of the surface roughness and material vari-
ations or by spherical aberrations due to the deviations of the lens shape from the ideal
parabola.
The fitted data (see Figure 9.6) shows a spot size of 360nm. Although the spot size still
deviates from the theoretical performance of the lens (FWHMtheo ∼ 40nm) this is so far
the smallest spot size generated by a refractive diamond lens. Compared to experiments
with two silicon NFLs, the photon flux F in the mircrobeam has significantly increased.
When using a diamond lens for horizontal focusing the photon flux has gained by a factor
10. The total photon flux in the microbeam is about F = 2.1 · 108ph/s.
Based on these results, we are going to optimize the manufacturing process in an effort to
push the spot sizes down to the theoretical limit of about 20nm. The improvements will aim
for steeper sidewalls, less roughness, deeper structures and optimized lens parameters.
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Figure 9.5: The Figure shows two diamond lenses mounted on a positioning system by
attocube systems AG, Munich, Germany (a)(c). Because the vertical diamond lens had an
inadequate structure depths of ∼ 10µm in the experiment the beam is horizontally focused
by a diamond and vertically focused by a silicon lens.
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Figure 9.6: Horizontal scan of a gold edge through the micro beam. As the edge its
scanned through the beam its gold fluorescence radiation is recorded with a energy disper-
sive detector. A double error function is fitted to the data.
Chapter 10
Conclusion and Outlook
Nanofocusing lenses (NFLs) made of silicon are counted among state-of-the-art x-ray optics.
These lenses are well-suited for x-ray microscopy with high spatial resolution. They have
been successfully used in a wide range of x-ray microscopy applications using absorption,
fluorescence, and (coherent) diffraction as contrast. NFLs work in a preferred energy range
of 10 - 30keV but can also be applied to higher energies.
So far, silicon NFLs have achieved a minimal beam size of 50nm (FWHM) [SKP+05b].
Although the results are impressive, the foci of the early NFLs exhibit a relatively high
background. With the latest generation of silicon NFLs, developed and described in this
work, high quality x-ray nanobeams are provided. The most recent experiments have
shown that these lenses perform very close to the theoretical limit.
In this work, the manufacturing process of silicon NFLs based on optical lithography
and deep reactive ion etching is presented. We cooperated with the company SAW COM-
PONENTS GmbH, Dresden, Germany and the Institut für Halbleiter und Mikrosysteme of
the Technische Universität Dresden, Germany, in order to have access to state-of-the-art
technologies. With these partners we had excellent experience on our side and their large
pool of knowledge allowed us to manufacture silicon NFLs with high accuracy and repro-
ducibility. Especially the change to optical lithography provided the solution which was
necessary to achieve the best optical performance of NFLs.
The developed manufacturing process of silicon NFLs allows a precise control of the
process parameters resulting in a high-quality lens which is nearly free of aberrations.
Therefore, the fabrication process is almost completely developed. A few things can still
be improved to get better performance, i.e., smoother Gaussian beam profiles. Further
improvements may include a continuous silicon etching process in order to reduce the
roughness and the ripples of the lens sidewalls. Additional improvements may take into
account a new lens design like that of an adiabatically focusing lens [SL05].
We designed an optical NFL interface, which is implemented into the x-ray microscope
installed at the beamline ID13 at the ESRF. This microscope supports two- and three-
dimensional (tomography) scanning experiments with absorption, fluorescence and (coher-
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ent) diffraction as contrast. Using NFLs, this instrument routinely provides small x-ray
beams with a lateral size of 100nm (FWHM) and below satisfying high spatial resolutions
requirements. This setup was used successfully many times not only by our group but also
by user experiments at that beamline.
While silicon NFLs are employed for routine use in experiments and applications, this
does not yet apply to diamond NFLs. However, first tests with a prototype diamond
lens have successfully been completed and indicate a good optical performance. A spot
size of 360nm (FWHM) was measured. Although the spot is still large compared to the
theoretical performance of the lens, the photon flux in the microbeam has significantly
increased. Based on the results, we are going to optimize the manufacturing process in an
effort to push the spot sizes down to the theoretical limit. The improvements will aim for
steeper sidewalls, less roughness, deeper structures and optimized lens parameters.
Along with improved optics, new x-ray microscopy techniques have emerged with the
ambitious goal of obtaining nanometer and sub-nanometer resolution in the future. One of
the scientific fields which was presented in this work is coherent x-ray diffraction imaging
(CXDI). The spatial resolution of CXDI experiments is limited by the number of coherent
photons on the sample. Therefore, higher spatial resolutions at shorter exposure times
require focusing optics. Even at high brilliance sources like the XFEL, focusing optics are
necessary for high-resolution microscopy. A combination of focusing and coherent methods
seems to be a promising approach for x-ray microscopy with high spatial resolution well
beyond the diffraction limit of the optic used. Our lenses have demonstrated that they are
well-suited for coherent applications, e.g., CXDI and ptychography experiments.
With the new PETRA III storage ring, an additional source of the third generation with
improved parameters is near completion. This storage ring will be a new high-brilliance
synchrotron radiation source at HASYLAB at DESY in Hamburg, Germany. At the new
micro- and nanoprobe beamline P06, a dedicated x-ray microscope using nanofocusing
refractive lenses will be permanently installed. This instrument is among state-of-the-art
x-ray microscopes and is specially designed to reduce any vibration and (thermal) drifts
of lenses and sample with respect to each other. The positioning of lenses and sample is
controlled by laser interferometry. Dedicated detectors like a high-resolution camera, an
optical microscope, a fluorescence detector and a diffraction detector will be available.
In summary, x-ray microscopy on the path to highest spatial resolutions will benefit
greatly from current and future developments on nanofocusing refractive lenses.
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[Stö92] J. Stöhr. NEXAFS Spectroscopy. Springer Series in Surface Sciences, Oxford,
2nd edition, 31. August 1992. ISBN 13: 978-3540544227.
[SU92] Y. Suzuki and F. Uchida. Hard x-ray microprobe with total-reflection mirrors.
Rev. Sci. Instrum., 63(1):578–581, 1992.
[TDB+09] P. Thibault, M. Dierolf, O. Bunk, A. Menzel, and F. Pfeiffer. Probe
retrieval in ptychographic coherent diffractive imaging. Ultramicroscopy,
109(4):338 – 343, 2009. ISSN 0304-3991. doi:DOI:10.1016/j.ultramic.
2008.12.011. URL http://www.sciencedirect.com/science/article/
B6TW1-4V99T8M-1/2/cf5c8654e821c28ee456432247d655c2.
[TDM+08] P. Thibault, M. Dierolf, A. Menzel, O. Bunk, C. David, and F. Pfeiffer. High-
Resolution Scanning X-ray Diffraction Microscopy. Science, 321(5887):379–
382, 2008. doi:10.1126/science.1158573. URL http://www.sciencemag.org/
cgi/content/abstract/321/5887/379.
[TWUB87] A. Thompson, Y. Wu, J. Underwood, and T. Barbee Jr. Focussing of syn-
chrotron radiation x-ray beams using synthetic multilayer mirrors. Nucl.
Instrum. Methods A, 255:603–605, 1987.
[UBF86] J. Underwood, T. Barbee Jr., and C. Frieber. X-ray microscope with multi-
layer mirror. Appl. Opt., 25(11):1730–1732, 1986.
[VRO+05] I. A. Vartaniants, I. K. Robinson, J. D. Onken, M. A. Pfeifer, G. J. Williams,
F. Pfeiffer, H. Metzger, Z. Zhong, and G. Bauer. Coherent x-ray diffraction
from quantum dots. Phys. Rev. B, 71:245302, 2005.
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